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SOMMAmE
Aujourd'hui, les OPs representent Ie plus grand groupe d'insecticides connu et ils
prcdominent dans Ie controle des especes nuisibles. Us sont utilises dans une grande
variete d'habitats tels que les milieux agricoles, les forets, les miUeux humides, les
industries, les cultures maraicheres et les potagers. Les pesticides representent un moyen
tr^s efficace de lutte amtre les especes nuisibles. Par contre, Us ont egalement Ie potendel
de provoquer des effets toxiques chez les esptes non-vis6es. Les OPs inhibent entre
autre, l'activit6 hydrolytique des cholinesterases, et plus particuli^rcment celle de
1'acetylcholinesterase (AChE), en phosphorylant Ie site actif de 1'enzyme. L'effet general
d'une exposition aux OPs sur Ie comportement est un malaise global qui se manifeste Ie
plus souvent par une r^ducdon d'un tres grand nombre de comportements. Les rythmes
circadiens font 6galement parde des param6tres affectes par une exposition aux OPs. Tout
tenement physiologique ou comportemental qui se repute chaque jour est r6gle par une
horloge biologique que 1'on dit circadienne. La sensibiUte extreme des rythmes circadiens
aux modifications environnementales et physiologiques est generalement reconnue.
L/organisme doit int6grcr les differcnts stimuli exog^nes et endogenes afin de maintenir
Fajustement de ses ryfhmes biologiques. Ainsi tout agent chimique pertuibant un organe
ou une fonction physiologique pourra perturber les rythmes circadiens. De plus,
Pinnervation du centre de contr61e de la rythmicit6 circadiame 6tant cholinergique en
partie, tout agent chimique provoquant 1'inhibidon de 1'AChE pourra egalement perturber
les rythmes chronobiologiques de 1'organisme. L'objectif g6n6ral de cette th^se est de
mettre en evidence Ie potendel des rythmes circadiens comme nouvel outil de suivi et de
detection des impacts provoqu^s par les OPs.
De fagon genemle, les resultats presentes dans ce document d^montrent Ie bon potentiel
d'utilisadon des rythmes drcadiens a titre d'outils pour la detection et Ie suivi des effets a
long terme d'une exposition aux agents anticholinergiques chez les oiseaux. Le premier
chapitre pr6sente les premieres evidences montrant que les agents anticholinergiques
perturbent les rythmes circadiens. Un melange de deux produits anesfh^siants, Ie
secobarbital et Palpha-chloralose (anticholinergique), cause une r6ducdon du niveau
d'activit6, perfuibe la distribution joumaM^re du niveau d'activity ainsi que la periode du
rythme d'activite des Carouges a epaulettes (Agekiius phoeniceus). D'autre part, il a ete
m
determine qu'une periode d'acclimatation de 15 jours dans la cage expenmentale est
preferable avant de d^buter les tests d'intoxication, ceci afin d'61iminer 1'impact d'un
changement d'environnement sur les rythmes circadiens.
Le deuxieme chapitre presente les effets d'une autre classe d'agents anticholinergiques: les
insecdcides organophosphores (OPs). Nous avons 6tabli une liste des symptomes d'into-
xication des Carouges ^ epaulettes en foncdon de la dose et de leur apparition dans Ie
temps, suite ^ une exposition au dimethoate. Le dimethoate induit une diminution
importante du niveau d'activite des oiseaux, dont la vitesse d'apparition et la duree des
effets varient en fonction de la dose. Les symptomes d'intoxication disparaissent en moins
de 13 heures, alors que Ie niveau d'activite des oiseaux demeure perturb6 pendant
plusieurs jours. Ces resultats d6montrent que les sympt6mes d'intoxicadon peuvent
s'averer utiles pour detenniner Ie degre d'intoxication, mais que Ie taux d'activit^ des
oiseaux est un outil plus sensible pour estimer la dur^e des effets des OPs.
Au troisieme chapitre, nous avons etabli les effets a long terme du dimethoate sur Ie
rythme circadien d'activite de trois especes d'oiseaux granivores. Le pesticide engendre
une diminution du niveau d'acdvit6, des modifications dans la distribution joumalite du
niveau d'acdvite, et un eloignement de la p&iode d'activite du cycle jour-nuit de 24
heures. Ces perturbations persistent pendant 9 a 12 jours, ce qui pouirait amoindrir leur
capacity ^ se noumr et les rcndrc plus vuln6rables face ^ d'eventuels predateurs.
Au chapitre 4, nous avons 6tabli les conditions experimentales qui nous permettront de
suivre la temptoture corporclle des oiseaux ^ 1'aide d'un emetteur thermosensible exteme
de longue portee. Les emetteurs extemes enregistrent la temperature demiique (Ts), une
mesure qui diff&re de la temperature coqwrelle (Tb) des mdividus, et qui est influaic^e
par la temperature ambiante et par des changements dans Ie niveau d'acdvite des oiseaux.
Parmi six positions diff6rentes sur Ie Carouge a 6paulettes, un emetteur fixe a la base du
cou, au-dessus de la veine jugulaire, procure les mesures de Ts les plus stables dans Ie
temps et les plus pres de Tb. Nous avons 6tabli deux equations permettant d'extrapoler Tb
a partir de Ts, qui dennent compte de la temperature ambiante et du poids des oiseaux.
Ces resultats permettront de valider 1'utilisation d'6metteurs extemes pour evaluer 1'impact
IV
des facteurs environnementaux et des agents toxiques sur la temperature corporelle des
oiseaux en milieu naturel.
Au chapitre 5, nous avons utilise Ie protocole d'enregistrement de la temperature corpo-
reUe d6crit au chapitre 4 pour mettre en evidence 1'impact du dim6thoate sur les rythmes
circadiens de temperature de 1'Etoumeau sansonnet {Stumus vulgaris). Le pesdcide cause
une variation accme de la periode autour de 24 heures, une diminution de 1'amplitude de
FosciUadon jour-nuit de la temperature et une augmentation de la temperature moyenne
noctume. Nous avons etabli deux relations entre les parametres circadiens de la
temperature corporelle et Ie pourcentage d'inhibition de 1'acetylcholinesterase (AChE)
cerebrale mesuree apr^s 24 heures; 1'inhibition de PAChE augmente avec une diminution
de 1'amplitude de PosciUation du cycle et avec une augmentation de la temperature
moyenne noctume. Ces r6sultats suggerent que la methode du suivi de la temperature
corporeUe, etant moins variable que 1'analyse de 1'activite de 1'AChE c6r^)rale, pourrait
etre utilisee pour evaluer Ie niveau d'exposition aux OPs et les risques de mortaUte.
La plupart des mesures d'inhibidon de 1'AChE c6rebrale sont effectuees plus de 24 heurcs
aprcs une exposition a un pesticide. Au chapitre 6, nous avons explore Pimpact ^ court
terme du dim6thoate sur 1'activite de 1'AChE cerebrale du vacher {Molothrus ater). Des
oiseaux ont ete eufhanasies toutes les deux heures apr^s avou- re^u une dose sous letale du
pesticide. L'AChE atteint son niveau Ie plus bas 4 ^ 6 heures apres 1'exposition, soit en
moyenne 30% du niveau d'AChE normal. Le froid n'amplifie pas 1'effet inhibiteur du
dimethoate, mais raUonge la penode necessaire au retablissement de 1'activite de 1'AChE
c^rebrale a son niveau normal.
Au demier chapitre, nous avons compare les effets a long terme du dim^thoate sur les
rythmes circadiens d'activit6 et de temperature des Pigeons {Colwnba livia). Suite a une
exposition au produit, les periodes des cycles d'acdvite et de temperature s'eloignent
davantage de 24 heures, Ie niveau moyen d'activite diume est fortement diminu^, alors
que Ie niveau moyen d'activit^ noctume ne change pas. La temperature moyenne diume
n'est pas affectee par Ie pesticide, alors que la temperature moyenne noctume augmente
significativement. De plus, Ie pesticide cause une augmentadon de la variation de la
temperature et du niveau d'activite pendant la phase de repos et dans Ie temps necessaire
pour atteindre la temperature minimale noctume. Tous ces effets persistent au moins
pendant 10 jours, suivis (Tune phase de recuperation de quelques jours. Les oiseaux qui
n'ont montre aucun signe de retablissement de leurs rythmes sont decides avant la fin de
Pexperience. Ces resultats demontrent que Ie suivi simultane des ryfhmes circadiens de
temperature et d'activite nous procure une vision plus detaiUee des effets des pesdcides
anticholinergiques.
L'ensemble de ces travaux demontre que les rythmes drcadiens pourraient contnbuer
grandement a 1'etude des impacts des pesticides organophosphores sur les especes non
visees telles que les oiseaux. La mise au point de la technique du suivi de la temperature
corporeUe a Paide d'6metteurs extemes de longue portee permettra d'etendre ces travaux
effectues en laboratoire a des etudes sur Ie terrain, c'est-a-dire sous des conditions
reproduisant des situations reeUes d'intoxication par des epandages de pesticide sur les
forets et dans les champs agricoles.
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INTRODUCTION
1 LES PESTICmES ORGANOPHOSPHORES
1.1 Historique
L'activite insecticide des composes organophosphores (OPs) a ete decouverte en 1937
avec les travaux de Schrader, toutefois, leur utilisation commerciale ne s'est vraiment
repandue que dans les annees 50 (Eto 1974). Suite aux restrictions emises concemant
FutiUsation des pesticides organochlores, les OPs ont rapidement envahi Ie marche a
Pechelle mondiale (Sdckel 1974, Smith 1987) puisqu'ils sont moins persistants dans
1'environnement et metabolises plus rapidement par les homeothermes que les
organochlores (Cairns et al. 1991, Sdckel 1974). Aujourd'hui, les OPs representent Ie
plus grand groupe d'insecticides connu et Us predomment dans Ie contr61e des especes
nuisibles (Bardin et al. 1994, Gallo et Lawryk 1991). Us sont utilises dans une grande
variete d'habitats tels que les milieux agricoles, les for^ts, les milieux humides, les
industries, les cultures maraicheres et les potagers (Packer 1975, Bardin et cd. 1994).
Les pesdcides representent un moyen tres efficace de latter contre les especes nuisibles.
Par contre, Us ont aussi Ie potentiel de provoquer des effets toxiques chez les especes
non-visees (Grue et cd. 1991). Les OPs ont ete impliques ^ plusieurs reprises dans des
empoisonnements non-intendonnels d'oiseaux sauvages, et ce meme s'ils etaient udlises
selon les normes recommand^es (Grue et al. 1983, Smith 1987, Kendall et al. 1992,
Mineau et Peakall 1987, Stanley et Fletcher 1981, Greig-Smith etal. 1990). De plus, des
incidences de mortalite en masse de plusieurs esp^ces d'oiseaux causees par ces produits
ont ^galement ete rapportees (Mendelssohn 1962, Mendelssohn et Paz 1977).
1.2 Mode d'action
Les OPs peuvent penetrer dans Ie systeme par trois voies natureUes cormues: par
ingestion, par contact dermique et par inhaladon (Gallo et Lawryk 1991). Les OPs
inhibent 1'activite hydrolytique des cholinesterases (ChEs), et plus particulierement celle
de 1'acetylcholinesterase (AChE), en phosphorylant Ie site acdf de 1'enzyme (O'Brien
1967). Chez les vertebres, 1'AChE se retrouve dans Ie sang et dans les systemes nerveux
central et penpherique. Sa fonction principale est d'hydrolyser 1'acetylcholine (ACh), un
neurotransmetteur essentiel a la transmission nerveuse des systemes sympathique et
parasympathique, et a la contraction des muscles squelettiques. Dans Ie cerveau, 1'ACh
est liberee a quelques endroits cridques, notamment a proximite de 1'hypothalamus,
region responsable entre autres du controle de la temperature corporelle et des rythmes de
secr^tions hormonales CVandereffl/. 1980, Gallo et Lawrik 1991, Meeter 1971, Clement
1993). Des fibres provenant du systeme nerveux central libercnt de 1'ACh a proximite
d'une autre fibre nerveuse ou d'un dssu. L'ACh se lie ^ son recepteur et induit une
depolarisation de la membrane post-synaptique, ce qui entraine soit la liberation d'un
autre neurotransmetteur comme la norcpinephrine, soit 1'excitation d'un tissu comme la
contraction d'un muscle squelettique (Vander et al. 1980).
L'AChE est essentielle au bon foncdonnement du syst^me nerveux. En hydrolysant
FACh liberee dans la fente synaptique, elle lib^re les rtepteurs post-synapdques et
permet a la membrane de se rcpolariser afin de pouvoir reagir a la prochaine stimulation
(Gallo et Lawryk 1991). L'inhibidon de 1'AChE provoque une accumuladon anormale
d'ACh dans les dssus (Burgen et Hobbiger 1951). Les recepteurs etant satures en ACh,
la membrane demeure depolarisee, ce qui a pour effet de stopper la transmission nerveuse
dans la portion cholinergique du systeme nerveux (Cairns et cd. 1991, Gallo et Lawryk
1991). De cette fa^on, 1'inhibition de 1'AChE emp^che, entre autres, les muscles de se
contracter, ce qui cause la paralysie et souvent la mort qui survient Ie plus souvent par
asphyxie (Vander et cd. 1980). Puisque 1'AChE est un enzyme ubiquitaire chez les
vertebres et les invertebres, son inhibition par les OPs repr6sente une menace pour la
plupart des animaux sauvages et domestiques, ainsi que pour 1'homme (Rama et Jaga
1992,Al-Jaghbir^fl/. 1992)..
1.3 Symptomes d intoxication
Une intoxication aux OPs produit une multitude de signes et sympt6mes observables chez
les individus affectes. Panni la liste de tous ces symptomes, on compte la sudation, la
salivation, Fhypophagie, 1'ataraxie, 1'ataxie, etc. Les OPs provoquent egalement des
tremblements, des vomissements, des diarrhees, des crampes abdominales, des
difficultes respiratoires, des troubles de vision, des convulsions, des faiblesses
musculaires, de Pincoordinadon motdce, des paialysies partielles, etc. La mort resulte Ie
plus souvent d'un arret respiratoire (GmeetaL 1991, Hudson etal. 1984).
1.4 Impact des OPs sur Ie comportement
L'effet general d'une exposition aux OPs sur Ie comportement est un malaise global qui se
manifeste Ie plus souvent par une reduction d'un tr^s grand nombre de comportements
(Bignami et al. 1975). Les OPs induisent entre autres, une reduction du taux
d'alimentadon (Grue 1982, Costa et Murphy 1982, Kozar et aL 1976), de la vitesse
d'apprentissage (Bowers et cd. 1964, Geller et al. 1985) et de la capacite m^monelle
(Beninger et cd. 1989). Une diminudon de la quantite de noumture ingeree, une reduction
du temps pass6 au vol et ^ la qu^te alimentaire, une baisse du nombre de chants et une
augmentation du temps de perchage sont d'autrcs exemples des modifications du budget
d'activite provoquees par les OPs chez les oiseaux (Hart 1993, Gme et Shipley 1981).
De plus, il semble exister un lien considerable entre Ie syst^me cholinergique et
Felaboration du comportement d'agression chez les animaux. On a observe une hausse
des agressions chez plusieurs esptes d'oiseaux intoxiqu6s aux OPs (McEwen et Brown
1966, DeRosa et cd. 1976) alors que chez Ie campagnol, on a assiste a une diminution des
comportements agressifs (Durba et cd. 1989). Une augmentation ou une diminution des
comportements agonisdques pourraient alterer significativement Ie succ^s reproducteur des
animaux (Reis 1975).
Gallo et Lawryk (1991) ont rapporte une hyperacdvite chez des rats contamines a faible
dose, ce qui a aussi et6 confirme chez I'etoumeau par Hart (1993). A des doses
superieures, en plus de remarquer une perturbation du niveau d'activity, on note souvent
un desordre intesdnal qui a pour effet de reduire la consommation en eau et en noumture
(Costa et Murphy 1982, Grue 1982). L'anorexie provoquee par les OPs amene souvent
une perte de poids. En effet chez 1'Etoumeau on a observe des pertes de poids de 14% en
24 heures suite ^ 1'ingestion d'un anticholinergique (Grue et Shipley 1984). Get effet est
tellement important et previsible que la perte de poids est inversement propordonnelle au
degre d'intoxication (Gme et al. 1991). Chez 1'etoumeau femelle, il a ete montrc que la
perte de poids etait liee a la reduction de l'activit6 alimentaire mais egalement ^ des
modifications dans leur habilete a manipuler efficacement les ailments (Hart 1993, Fryday
etal. 1994).
L'ensemble de ces effets sur Ie comportement contnbue a affaiblir les individus et les
rendrc moins alertes face a d'6ventuelles menaces compromettant amsi leurs chances de
sunde ou leur reproduction. Ces impacts des OPs sur Ie comportement, bien que de plus
enplusdocumentes(Mineau 1991, Grue et Shipley 1984, Hart 1993, Grue 1982), sont
des impacts a long terme qui devraient etre davantage consid^rcs dans l'6valuadon des
pesticides afm de les rendre moins dangereuses pour les especes non visees.
1.5 Impact des OPs sur les rythmes circadiens
La rythmicite circadienne est une propnet6 fondamentale des etres vivants (Gwinner
1986, Harker 1957). De la simple cellule aux organismes les plus complexes, plusieurs
fonctions suivent un cycle qui s'autoperpetue sur une periode approximadve de 24
heures, comme la secredon des corticosteroides, la pression sanguine, la temperature
corporeUe, 1'organisation des acdvitesjoumalieres et la phase de sommeil. Les centres de
contr61e des rythmes circadiens se situent dans Ie noyau suprachiasmatique, la glande
pineale et Ie complexe hypothalamique (Minors et Waterhouse 1986) .
En general, les facteurs comme la temperature ambiante, 1'intensite lumineuse (Swingland
1976), les facteurs sociaux (Marimuthu etal. 1981, Trajano et Menna-Barreto 1996) et les
facteurs abiotiques cycliques comme Ie soleil, sont appeles Zeitgebers parce qu'ils ont un
effet d'entralnement sur les rythmes endogenes de 1'animal (Aschoff 1960, Aschoff 1979,
Kabasawa et Ooka-Souda 1994, Geetha etcd. 1996). Chacun des organes ayant un rythme
endogene propre, 1'individu doit organiser et reguler 1'ensemble de ses rythmes
endogenes. Cette r6guladon permet aux differents organes de fonctionner dans un bon
ordre pour repondre aux besoins de 1'individu. Un des r61es des rythmes cu-cadiens est de
pr6parer 1'organisme aux differentes variations environnementales cycliques. H est done
normal que 1'organisme doive continuellement integrer des informations exog^nes pour
reajuster ses differents cycles endog^nes (Aschoff 1963, Aschoff 1966).
II est reconnu que les rythmes circadiens endog^nes sont extr6mement sensibles aux
modifications environnementales (Aschoff 1979, Innocent! et cd. 1994) puisque
Forganisme doit integrer les diff^rents sdmuli exogenes afin d'ajuster son rythme
biologique aux differcnts cycles de son environnement. U devient alors important de
considerer que tout produit ou evenement qui altere la capadte de r6guladon des rythmes
(tel que les OPs) a une importance biologique certaine. De plus, par la sensibilite de ce
syst^me (T organisation et d'integration des informations exogenes ou endog^nes, 11 est
alors fort possible que des agents chimiques qui perturbent un organe ou une fonction
physiologique pourra perturber 6galement les rythmes circadiens en general.
Le complexe hypothalamique qui est impliqu^ dans Ie controle des rythmes circadiens est
innerve par des neurones cholinergiques. Par consequent, 1'ACh est aussi impliquee dans
Ie controle des rythmes circadiens (Earnest et Turek 1983). Ainsi, les centres de controle
des cycles sent suscepdbles d'etre affectes par des agents anticholinergiques. Par
exemple, plusieurs fonctions endocrines cycUques comme la s6credon d'enzymes
digestives (Murphy 1966, Jovic 1974, Murphy 1969) ou d'hormones impliqu^es dans la
reproduction (Libertun et McCann 1974, Ruiz de Galarreta et (d. 1981, Rattner et
Hoffman 1984) sont affectees par des agents anticholinergiques. Meek (1983) rapporte
que deux groupes d'anticholinergiques, les carbamates et la physostigmine, accelerent la
memorisadon de nouvelles informations, ce qui entraine une desynchronisation entre Ie
rythme de formation de la memoire et 1'horloge interne de 1'animal. Les OPs comme Ie
sarin pertuibent aussi les electro-encephalogrammes (EEG) et les phases ""rapid eyes
movement^ (REM) du cycle de sommeil du singe et de 1'humain (Karczmar 1984, Duffy
etal. 1979). Dans certains cas, les EEGs d'humains exposes prealablement ^ un OP ont
differe des EEGs des groupes temoins pendant plus d'une annee (Duffy et Burchfiel
1980). Raslear et Kaufman (1983) ont montre qu'une seule injection de DFP (un OP) a
dercgl^ Ie rythme circadien d'activite chez Ie rat.
1.6 Influence de la temperature ambiante sur la toxicite des OPs
Depuis plusieurs dtennies, U est connu que la temperature ambiante influence 1'impact
des drogues et des produits chimiques sur les homeothennes, incluant les humains (Fams
et Griffith 1949, Kohn-Richards 1939, Weihe 1973, Clough 1982, Shemano et
Nickerson 1958). La temperature ambiante affecte entrc autres les effets physiologiques
des pesticides organophosphor^s. Une diminution du temps de survie aux temperatures
froides (Marton et al. 1962), une augmentation de la toxicite aux extremes de temperature
(Ahdaya et aL 1976), une augmentation de la mortalite aux temperatures froides et
chaudes (Baetjer et Smith 1956) en sont de muldples exemples chez les mammif^rcs.
Chez les oiseaux egalement, plusieurs etudes relatent des interactions entre Ie froid et la
toxicit^ des OPs. Par exemple, 1'ingestion de parathion amoindrit la tolerance au firoid du
Colin de Virgmie (Colinus virginianus) (Rattner et al. 1982). Chez Ie canard mallard
{Anas platyrhynchos) intoxique au temephos, la mortality est beaucoup plus elevee a des
temperatures de 10-18°C qu'a 39-41°C (Fleming et al. 1985). De meme, Rattaer et
Franson (1984) ont montr6qu'une exposition au methyl parathion etait subl6tale a 22°C,
mais devenait 16tale i -5°C pour la crecerelle amencame (Falco sparverius). Dans Ie cas de
la caillejaponaise (Cotumix japonica\ la dose letale mediane (DLso) pour Ie parathion est
jusqu'a deux fois moins elevee aux temperatures chaudes (37°C) et froides (4°C) qu'^ une
temperature de 26°C (Rattner ^ a/. 1987).
Par atlleurs, des etudes recentes demontrent que la temperature environnementale agit sur
Ie niveau d'inhibidon de 1'AChE cerebrale mduite par les OPs (Maguire et Williams
1987a, Maguire et WUliams 1987b, Rattner et al. 1987). Chez Ie Colin de Virginie, Ie
froid entraine une inhibidon de 1'AChE plus prononcee que chez les individus soumis a
des temperatures plus chaudes alors que chez la caille japonaise 1'activite de rAChE
cerebrale des oiseaux exposes a une temperature ambiante de 37°C est plus inhibee que
ceUe des animaux exposes ^ 26°C et au froid (4°C). Chez 1'Etoumeau sansonnet, il a ete
d6montr6 que 1'inhibition de I'AChE 6tait plus prononc^e lorsque la temperature ambiante
devenait un stress pour 1'animal (temperatures chaude et firoide) (McDuff 1995).
2 MESURE DES EFFETS INHIBITEURS DES PESTICmES
ORGANOPHOSPHORES
2.1 Dosage de Pac6tylcholinesterase cer6brale
L'AChE cerebrale, parce qu'elle est directement cibl^e par Ie mode d'action des OPs (vou-
annexe 1), demeure aujourd'hui 1'analyse biochimique la plus utilis6e pour d^terminer Ie
degr6 d'exposition aux OPs. La demi-vie de FAChE depend de sa forme moleculaire, de
sa localisadon et du tissu implique et varie de 85 minutes a 20 jours (Toutant et Massoulie
1988). Sa regulation semble ^tre g6n6dque mais est aussi influencee par Ie degre de
stimulation dans les muscles ou par les variations ioniques dans Ie syst^me nerveux
(revue: Toutant et Massoulie 1988).
Encore r6cemment, Tacha et al. (1994) et Yawetz et al. (1993) ont rapport^ des
mhibidons significatives de 1'AChE c6r6brale chez des esp^ces d'oiseaux exposes a des
OPs utilises en milieu naturcl selon les nomies recommand^es. Parmi ces especes, on
compte la population de tourtereUe blanche (Zewada asiatica) (qui est actuellement en
declin) dont plusieurs individus presentent une inhibition s^v^re de 1'AChE c^rebrale
(>50%) (Tacha et al 1994). Ainsi, les animaux sauvages sont encore aujourd'hui
fr^quemment empoisonn^s par des pesdcides. Et s'ils ne trouvent pas la mort rapidement,
leurs chances de survivre et de se rcproduire peuvent ^tre gravement affect^es (Grue et cd.
1991). Le danger que represente un OP pour les populations d'animaux sauvages depend
de plusieurs facteurs: la toxicite du produit, 1'endroit ou il est applique par rapport a I'aire
udlisee par les animaux, la quantite appliquee, la persistance du produit dans
1'environnement et la bioaccumulation du produit dans la chaine alimentaire (Smith 1987).
Le niveau d'inhibition de I'AChE cer6brale est couramment utilise en laboratoire pour
diagnostiquer une exposition et pour evaluer 1'ampleur des impacts d'une intoxication aux
OPs (Fairbrother et Bennett 1988, ffiU 1988, Hill et Fleming 1982, Wesflake et at 1983).
De fa^on generale, sous des conditions experimentales constantes, Ie degre d'inhibition de
1'AChE est propordonnel ^ la dose administree (Satyadevan et al. 1993, Hahn et al. 1991,
Maguire et Williams 1987a). Les etudes en laboratoire sur les oiseaux suggtent qu'une
inhibition de FAChE cer6brale de 20 % est une indication que 1'animal a ete expose ^ un
anticholinergique. Une inhibition de FAChE c^ebrale de 50 % et plus indique que
1'empoisonnement par un inhibiteur de ChE est la cause du deces (Ludke et al. 1975).
Toutefois, l'activit6 de 1'AChE c^r6brale des oiseaux morts par suite d'une exposition aux
OPs est souvent inhibe a plus de 50 %. A Poppose, certaines etudes montrent qu'une
inhibition de 50 % n'est pas n6cessairement mortelle, du moins, en laboratoire (Ludke et
al. 1975).
2,2 Dosage de Pacetylcholinest6rase c6rebrale: Ie revers de la medaille
La m6thode du dosage de 1'AChE pour 6valuer Ie degr^ d'exposition aux OPs en milieu
naturcl comporte des Umites qui 1'empeche d'€tre appliquee facilement sur Ie terrain.
Effecdvement, dans des condidons naturelles, il est difficile de predire Ie degre de toxicite
des OPs a partir de tests effectues en laboratoire, car les modules d'etudes ne tiennent pas
compte de Pensemble des variables environnementales. D'autre part, revaluation de
1'impact des OPs par 1'activite de 1'AChE sur Ie terrain rcncontre de nombreux obstacles
qui rendent ardue l'interpr6tation des resultats: Ie succes de capture des individus, Ie
prel^vement ainsi que la conservation des echantillons tissulaires et sanguins jusqu'au
laboratoire, FimpossibUit^ de connaitre Ie delai entre 1'exposidon et Ie pr^levement des
echantillons cerebraux, etc.
Par ailleurs, il existe de tr^s grandes variations joumali^res dans Ie niveau d'acdvite de
FAChE (Rattaer et al. 1982, Thompson et al. 1988, Rattner et Fairbrother 1991). Cette
variabiUte est probablement due a la variation mterindividuelle de la quantite d'enzymes
(niveau de base) chez les animaux sains. Elle constitue une des principales difficultes
rencontrces lorsqu'on utilise la mesure d'AChE cerebrale comme outil de diagnostic
d'exposidon aux OPs. A cause de cette variabilite, la limite pour admettre qu'un animal a
et6 expose ^ un OP est etablie ^ 20 % d'inhibition de 1'AChE c6r6brale par rapport aux
temoins(Ludl<e^fl/. 1975).
Une autre limitation de la methode provient du fait que la comparaison de donnees
d'inhibidon de 1'activite des cholinesttoses c6rebrales entre les laboratoires est tres
limitee (Mineau et Peakall 1987). La methode la plus couramment utUisee pour determiner
Ie taux d'activite enzymatique de 1'AChE est celle d'Ellman et al. (1961) telle que
modifiee par Hill et Fleming (1982) (description en Annexe 2). Toutefois, la grande
sensibilite de cette methode de dosage de 1'AChE ^ la moindre variation dans les
differentes etapes de sa technique est en cause. Dans leur revue, Fairbrother et cd. (1991)
illustrcnt bien cela en decrivant toutes les sources d'erreur pouvant survemr lors de
1'utilisation de cette methode.
Le dosage de 1'activite de 1'AChE cerebrale comporte un autre desavantage majeur: il
necessite Feuthanasie des animaux pour effectuer des prelevements cerebraux. De plus,
jusqu'^ maintenant. Ie niveau d'inhibition de 1'AChE s'est avere peu efficace pour predire
la nature et la dur6e des effets sur Ie comportement (Hart 1993). Pour toutes ces raisons,
Ie Service Canadien de la Faune a entrepris des recherches visant EI trouver des outils
compl6mentaires qui nous renseigneraient sur 1'etat general des oiseaux suite a une
intoxication aux OPs (Mineau, comm. pers.)
2.3 Utilisation des rythmes circadiens pour evaluer les impacts des OPs
La plupart des modifications des fonctions physiologiques provoqute par une exposition
a des produits anticholmergiques sont difficiles a interpreter en termes de menace reelle
pour la survie ou la reproduction des individus. Nous avons constat6 qu'il existe de
nombreuses limitations a la methode du dosage d'AChE mais, jusqu'a present, cette
methode demeure 1'outU Ie plus universel et Ie plus utilise dans ce domaine. II faut alors
chercher des methodes complementau-es qui permettront surtout un suivi a long terme
autant en capdvite qu'en milieu naturel des impacts des OPs chez les especes non visees.
Le suivi des rythmes circadiens peut etre une solution envisagee pour completer la battene
des techniques utilisees actueUement pour evaluer les impacts des anticholinergiques.
2.3.1 Hypothese et objectif de travail
Par leur sensibilite, par Ie fait qu'ils rcfl^tent 1'integration des informadons endogenes et
exogenes et ainsi, 1'individu dans son ensemble, par Ie fait que leur centre de controle est
directement affecte par des produits andcholinergiques, nous pensons que Ie suivi des
rythmes crrcadiens pourrait s'avercr un outil sensible et prometteur pour evaluer les
impacts des pesticides.
L'objectif general de cette th^se est de mettre en evidence Ie potendel des ryfhmes
circadiens comme nouvel outil de suivi et de detection des impacts provoqu6s par les
OPs. L'hypoth^se de depart reUe a cet objectif est que, par suite d'une exposition a un
agent anticholinergique, il y a modification de certains param^tres, comme la periode, la
stabilite et Famplitude, desrythmes circadiens de temperature corporelle et d'acdvite chez
les oiseaux.
La classe aviaire consdtue un groupe tr^s interessant pour ce type d'etudes: les oiseaux
sont faciles a observer en milieu naturel, Us sont abondants et, fr^quentant tous les types
d'habitats, Us s'av^rent particuli^rement suscepdbles ^ 1'exposition aux pesticides en
milieu naturel (Godfrey 1986). De plus les oiseaux sontjusqu'a 20 fois plus sensibles aux
OPs que les mammif^res. L'absence ou Ie faible niveau en A-esterases dans Ie plasma
sangum des oiseaux (Brealey et al. 1980, Mackness et al. 1988) semble etre Ie facteur
majeur qui explique cette grande sensibilite (Machin et al. 1975, Brealey et at 1980,
Westiake et al. 1983, Walker et Mackness 1987). Egalement, la presence de certaines
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especes sous nos latitudes toute 1'annee et la facilite de les manipuler en laboratou'e rend
possible la realisation de ce type d'etude.
3 TOXICITE DES PRODUITS UTILISES
3.1 Alpha-chloralose
L'alpha-chloralose est un produit utilise comme repulsif d'oiseaux, comme anesthesiant
pour les chiens et les chats et comme agent pour la capture et la manutention de plusieurs
animaux sauvages (Pelfrene 1991). La formule empirique de 1'alpha-chloralose est
CgHiiCiaO^. Son principal metabolite est Ie chloral, qui lui est oxyde en adde
trichloroacetique et r6duit en tnchloro^thanol. Ces deux demiers metaboUtes sont
responsables des effets hypnodques de 1'alpha-chloralose (Butler 1949).
L'alpha-<Aloralose est disponible en poudre. II est connu sous plusieurs noms communs
ou marques commerciales: alpha-D<jlucochloralose, anhydroglucochloral, chloroalosane,
glucochloral, Alphaldl et Somio (Pelfrene 1991).
La DLso de Falpha-chloralose chez Ie rat et la souris se situe entre 300-400 mg/kg et entre
600-1000 mg/kg chez Ie chien (Comwell 1969). Chez les oiseaux, on observe une DLso
de 75 mg/kg pour PEtoumeau sansonnet (Stumus vulgaris), 32 mg/kg pour Ie Carouge a
6paulettes {Agelaius phoeniceus), 42 mg/kg pour la Tourterelle triste (Zencuda nwcroum)
et 178 mg/kg pour Ie Pigeon biset (Columba livia) (Schafer 1972). Ces donnees indiquent




Le dimethoate est un insecticide et un acaricide systenuque qui a aussi une certaine activite
de contact II est appUque a une grande variete de cultures de cereales, de fruits, de noix et
de legumes pour contr61er plusieurs esptes d'msectes, de mites et de pucerons (Spencer
1968, Smith 1987). L'udlisadon majeure se fait sur les cultures de coton, de haricot, de
pois, de luzeme et de pacanes (Smith 1987). Q a 6t6 utilise pendant deux decemiies sur les
cultures de c6r6ales dans les prairies canadiennes CECA 1981).
Le dimethoate provoque une inhibition de 1'AChE c6rebrale qui est fonction de la dose
(Satyadevan et al. 1993, Radvanyi et cd. 1986). La formule empirique du dimethoate est
C5H12N03PS2 (Gallo et Lawryk 1991). Le m6tabolite primaire du dimethoate est Ie
dim6thoxon, ce demier 6tant responsable de la toxidt6 du dimethoate (Hassan et al 1969,
Gallo et Lawryk 1991).
II est disponible en poudre, en concentre emulsifiable, en granules et en poudrc
mouillable. II est connu sous plusieurs noms communs ou marques commerciales:
Cekuthoate, Cygon, Daphene, De-Fend, Demos L40, Devigon, Dimate 267, Dimethogen,
Fosfamid, Fostion MM, Perfekthion, Rebelate, Rogodial, Rogor, Roxion, Trimethion
(Smith 1987).
Le dim^thoate presente une toxidt6 extireme chez les oiseaux comparativement ^ une
toxicit6 mod6r6e chez les mammif&res (Schafer 1972). En effet la DL5o chez Ie rat se situe
a 250 mg/kg, alors que chez les oiseaux on retrouve une DLso de 32 mg/kg pour
1'Etoumeau sansonnet, 6,6 mg/kg pour Ie Carouge a 6paulettes (Schafer 1972).
Du a sa haute solubiUt6 dans 1'eau et sa bioconcentiadon faible. Ie dimethoate a une
persistance environnementale rehtivement courte. H est absorbe rapidement et sa demi-vie
est estimee ^ environ 19 jours quand il est applique sur les oranges (Smith 1987).
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Lorsqu'il est utilise sur un sol a 1,1 kg/aae en concentre emulsifiable, la moid6 de
Pmsecticide est dispame en deux a quatre jours (Smith 1987).
4 CHEMINEMENT
Les resultats pr6sentes dans cette these ont et6 elabores suite a des echanges avec GREBE
inc, Ie Service Canadien de la Faune et Envirotel Inc. Sous la direction de GREBE inc.,
nous avons parddpe en 1991 a un projet d'evaluation des efifets du chlorpyrifos, un OP,
sur Factivite de 1'AChE cer6brale du Merle d'Amenque, Turdus migratorius (Bnmet et
Cyr 1990a). Nous avons constate d'importantes variadons dans Factivit^ de 1'AChE
cer6brale entre les oiseaux avant et apres 1'exposition au pesdcide. Ainsi, il est apparu
clairement que FAChE ne constituait pas un outil complet et infaiUible pour 6valuer la
toxicite des OPs sur Ie terrain. De plus, la toxicite du prodmt, en terme de mortalite, etait
influenc6e par les conditions environnementales (Brunet et Cyr 1990a).
Au meme moment, nous avons entrepris une s6de d'experiences visant a determiner si un
m^lange de deux anesth6siants, 1'alpha-chloralose (andcholinergique) et Ie secobarbital,
pouvait ^tre utilise pour capturer des oiseaux. Dans un premier temps, nous avons etabli
les concentrations des deux produits qui maximisaient Ie succ^s de capture, soit Ie temps Ie
plus court entre Fabsorption des gmines contaminees et la perte de conscience, et la
p6riode de sommeil la plus courte, tout en minimisant les risques de mortalite (Cyr et
Brunet1992).
Nous avions deja d^montre que les rythmes circadiens d'activite des oiseaux 6taient
sensibles h un changement d'environnement structural (Brunet et dL 1989) et aux
manipulations par I'exp&imentateur comme la pes6e des oiseaux (Brunet et Cyr 1990b).
Pour ces raisons, nous avons 6mis 1'hypoth^se que les rythmes circadiens d'acdvit6
pouvaient etrc modifies par 1'utilisation du m61ange d'alpha-chloralose et de s^cobarbital
comme anesth6siant lors de la capture. Dans 1'etude qui constitue Ie premier chapitre de
cette th^se, nous avons done verifi6 1'effet de ces produits sur les rythmes circadiens
d'activite des oiseaux. L'hypoth^se a ete v6rifi6e et de plus, les ryfhmes se sont averts
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efficaces pour detecter des signes d'intoxication plusieurs jours aprcs que les oiseaux aient
repris connaissance (Brunet et al. 1996).
Ces resultats nous ont amenes a considerer que les rythmes circadiens pouvaient
constituer un outil suffisamment sensible pour detecter les effets des agents
andcholinergiques tels que les pesticides organophosphores sur Fetat de sant6 general des
oiseaux. Nous avons choisi de verifier cette possibilite en utilisant Ie dimethoate, un OP
tres repandu sur Ie marche mondial des pesticides commerciaux et domestiques. Cette
etude consdtue Ie second chapitre de cette th^se. EUe decrit les effets du dimethoate sur les
ryfhmes d'activite de trois esp^ces d'oiseaux granivorcs. L'hypothese de travail est
qu'une seule exposition au dim6thoate engendre des modifications dans les rythmes
d'acdvit6 des oiseaux. Les diff6rentes modifications survenues au niveau de plusieurs
parametres circadiens du rythme d'activite nous ont permis de conclure que les rythmes
circadiens pouvaient effectivement etrc utilises pour detecter des effets de longue duree
provoqu6s par un OP chez differentes esp^ces (Toiseaux (Brunet et Cyr 1992).
Le fait cTetablir que les rythmes circadiens peuvent nous renseignff sur la durce des effets
physiologiques des OPs n'est qu'une premiere 6tape vers la mise au point d'une nouvelle
technique pouvant peut-^trc, pallier au probl^me de 1'AChE cerebrale comme outil
d'evaluation de la toxicit^ des OPs. La relation entre 1'amplitude eVou la dur6e des effets
sur les rythmes et la dose administr6e doit 6galement 8tre demontr6e. Au troisi^me
chapitre, nous avons documente en fonction de la dose, les effets du dimethoate et leur
duree sur Ie comportement et les rythmes d'acdvite chez Ie Carouge ^ epaulettes.
L'hypothese de travaU etait qu'une exposidon au dim6thoate entraine des modifications du
comportement qui sent de plus courte duree que les modifications dans la quantite
d'activite selon la dose utilis^e. Une liste exhaustive des symptomes visuels d*une
exposition au dimethoate, en fonction de la dose et en ordre d'apparition apr^s 1'absorption
du pesticide a ete 6tablie. La mesure du taux d'acdvit6 des oiseaux s'est av6ree un outil
plus sensible que Ie suivi de 1'apparidon des sympt6mes pour estimer la dur6e de la
periode de rccup^radon ^ une dose donnee (Brunet et al. 1997).
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Les rythmes circadiens d'acdvite nous ont permis de mettre en evidence les effets a long
terme d'un pesdcide antichoUnergique en laboratoire. Cependant, il est difficile de suivre
les rythmes d'activite des oiseaux en milieu naturel. Les OPs provoquent une chute
radicale de temperature corporelle (hypothennie) qui a ete rapportee par plusieurs equipes
de chercheurs (Kozar et dL 1976, Rattner et al. 1987, Rattner and Franson 1984, Brunet
et al. 1994). Etant donne que la temperature corporelle est aussi influencee par une
rythmicite ctrcadienne, nous avons emis 1'hypoth^se que Ie suivi du rythme de la
temperature corporeUe pourrait nous permettre d'evaluer la toxicite des OPs sur Ie terrain,
au m^me titre que les rythmes d'acdvite. Suite a cette reflexion, Envtrotel inc. a ete
sollicite par Ie Service Canadien de la Faune pour mettre au point une m^thode
d'evaluation de la toxicite du chlorpydfos sur Ie terrain par Ie suivi de la temperature
corporelle des oiseaux (Brunet et al. 1992, Brunet et al. 1994). Ces travaux ont permis de
constater que les mesures de temperature, enregistrees par un emetteur thermosensible de
longue portee fix6 sur les oiseaux, sont soumises aux fluctuations des condidons
climatiques. De plus, ces emetteurs emegistrent la temperature dermique (Ts), une mesure
qui diff^re de la temperature corporeUe inteme fTb) des individus. Nous avons alors
entrqms de mettre au point les conditions opdmales d'utilisation des ^metteurs extemes
pour Ie suivi de la temperature corpQTeUe des oiseaux. Cette 6tude constitue Ie quatneme
chapitre de cette th^se. Dans cette etude, nous avons ctetermine quel 6tait Ie meilleur
endroit pour localiser l'6metteur sur 1'oiseau. Get endroit devait ^tre celui ou Ts reproduit
avec la plus grande precision les variations de Tb, c'est-a-dire, 1'endroit ou Ts est la
moins influencee par les activity de 1'oiseau et par les conditions environnementales.
Par la suite, cette technique a et6 utilisee avec succes dans notrc laboratou-e dans Ie cadre
d'un projet de maitrise qui a clairement demontre, en fonction de differentes temperatures
ambiantes, Fimpact du dimethoate sur une parde du rythme circadien de la temperature
corporelle, c'est-a-dire sur la phase d'hypothermie observ^e suite a 1'exposition au
dimethoate (McDuff 1995). Au cinquieme chapitre de la presente th^se, nous avons
egalement utilise avec succ^s la m6thode du suivi de la temperature corporelle en
demontrant 1'impact du dim6thoate sur Ie cycle entier de temperature corporelle dont
Fhypothermie (etudi^e par McDuff (1995)) ne repr6sente que 20% des modifications du
cycle. L'hypoth^se de travail etait qu'une exposition au dimethoate entraine des
perturbations du rythme circadien de la temperature corporelle qui varient en foncdon de
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la temperature envu-onnementale chez FEtoumeau sansonnet. Toutefois, nous n'avons
observe aucune relation entre 1'ampleur des modifications du cycle de temperature
corporelle et la temperature environnementale. Pourtant, cette relation entre la temperature
ambiante et la toxicite d'un OP est rapportee frequemment dans la litterature (Magurre et
Williams 1987b, Rattner et al. 1982, Fleming et al. 1985, McDuff 1995). En general,
Fampleur de Pmhibition de 1'AChE cerebrale est foncdon de la temperature
environnementale et de la dose (Maguire et Williams 1987a, Rattner et cd. 1987). Si les
perturbations des rythmes circadiens sont provoquees par 1'inhibition de 1'AChE dans la
zone cerebrale de controle des rythmes ou ailleurs dans Ie syst^me, alors les perturbations
des rythmes devraient ^trc paralleles au niveau d'AChE et ainsi etrc foncdon de la
temperature ambiante et de la dose. Afin de resoudre cette question, nous avons mesure
de fagon simultan^e 1'inhibition de 1'AChE c^rebrale ainsi que Ie cycle de temperature
corporelle chez des oiseaux exposes au dimethoate, en fonction de differentes
temperatures environnementales. L'hypoth^se de travail etait qu'une exposition au
dim6thoate entraine des modiflcadons de la temperature corpQrelle et un degr6 d'inhibition
qui different selon la temperature ambiante.
Jusqu'a present, nous avons decrit les symptomes visuels d'une intoxication aux OPs
survenant dans les premieres 24 heures apr^s Fexposition, de m^me que les effets a court
terme sur 1'acdvite de 1'AChE cerebrale ainsi que sur les rythmes circadiens de
temperature et cTactivite. Nous avons egalement rapporte des effets ^ long terme du
dimethoate sur Ie rythme d'acdvit6 des oiseaux mais les effets a long terme sur les
parametres du rythme circadien de temperature n'ont pas ete evalues. Dans Ie demier
chapitre, nous nous attardons aux effets a long terme du dimefhoate sur les rythmes
d'activite et de temperature corporelle enregistres simultanement. L'hypofh^se de travail
est qu'une seule exposition au dimethoate engendre des modificadons dans les rythmes
d'acdvite et de temperature corporelle qui sont encore observables apres plusieurs jours.
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CHAPITRE 1
L?IMPACT DE L?ALPHA-CHLORALOSE ET DU SECOBARBITAL SUR
L?ALIMENTATION ET LES RYTHMES CIRCADIENS DU CAROUGE A
EPAULETTES
Ce chapitre represente les premieres expoiences realis^es pour tenter d'^lucider les effets a
long terme d'un anesthesiant sur les rythmes circadiens. Get anesthesiant est compose en
1'occurrence d'un anticholinergique, 1'alpha-chloralose, et d'un barbiturique, Ie
secobarbital. L'hypoth^se de travail est que 1'utilisation du m61ange d'alpha-chloralose et
de secobarbital engendrc des modifications dans les rythmes d'activit6 des oiseaux. Ces
effets (Merits ici sent alors les premieres bases de recherche sur lesqueUes est fond6
Fensemble des travaux de recherche present^ dans cette these.
RESUME
Les drogues anesthesiantes comme 1'alpha-chloralose et Ie secobarbital sont utilisees pour
capturer les oiseaux. Les doses sont choisies de fa^on a minimiser les risques de mortality
et maximiser Ie rendement de capture. Cependant, nous disposons de peu d'informadons
sur la dui^e necessairc au retablissement complet des individus apr^s qu'Us aient repris
connaissance. Dans cette etude, nous avons utilise les rythmes circadiens d'activite pour
suivre les effets ^ long tenne d'un melange d'alpha-chloralose et de secobarbital sur des
Carouges ^ epaulettes m^les adultes. LOTS des experiences, les oiseaux 6taient isol6s dans
des boites insonorisees pendant 30 jours. Us ont ingere 1'alpha-chloralose et Ie secobarbital
melang6s ^ du ma'is concass6 3 ou 15 jours apr^s Ie debut de l'exp6rience, selon Ie cas. Le
jour du traitement, les oiseaux ont r6duit leur taux d'activit^, incluant leur alimentation.
Ces effets ont persist^ pendant 22 jours pour les oiseaux trait6s Ie jour 3, comparativement
^ 8 jours pour les oiseaux traites Ie jour 15. De plus, la distribution joumali^re de leurs
activites fut desorganis^e et certains sont devenus apedodiques. Les oiseaux trait6s Ie jour
3 ont recouvre un rythme normal apr^s deux semaines, comparativement ^ 9 jours pour les
oiseaux traites Ie jour 15. Ces r6sultats indiquent que les rythmes circadiens peuvent
17
detecter des signes de perturbation plusieurs jours apr^s que les oiseaux aient repris
connaissance. Nous avons aussi determine qu'une periode cTacclimatadon de 15 jours
dans la cage expenmentale serait preferable avant de debuter les tests d'intoxication, ceci
afin d'eliminer 1'impact d'un changement d'environnement sur les rythmes circadiens.
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ABSTRACT
Anesthetic drugs like alpha-chloralose and secobarbital are used to capture wild birds. The
doses are usually chosen on the basis of low mortality rates and high capture success.
However, litde information is available on the time necessary for the birds to fuUy recover
from the drugs' effects after they have regained consciousness. In this work, we used
circadian rhythms of activities to study the long-term effects of a mixture of alpha-
chloralose and secobarbital on adult male Red-wmged Blackbirds. The birds were housed
individually in sound-proof boxes for 30 days, during which they received alpha-
chloralose and secobaibital mixed with corn, either on day 3 or on day 15. On the day of
treatment, the birds experienced a significant decrease in activity level, including feeding
activities, which lasted more than 22 days for the birds treated on day 3, compared to
about 8 days for the birds treated on day 15. Moreover, typical circadian distribution of
activity was lost and many birds became aperiodic. Two weeks were needed for the birds
treated on day 3 to recover normal rhythms, compared to less than 9 days for those treated
on day 15. These results indicate that circadian parameters can be used to detect after-
effects of intoxication long after the birds have regained consciousness.
INTRODUCTION
Alpha-chloralose is an effective oral anesthetic that has been used to control populations of
bird pests since 1942 (Daude, 1942). This dmg was originally used in Europe for local
control of harmful birds, such as Rock Doves (Columba livia) and House Sparrows
(Passer domesticus}, and for crop protection (Daude, 1942; Giban, 1947; Borg, 1955;
Ridpath et al, 1961; Murton et al., 1963; ComweU, 1966; Thearle, 1968, 1969a, 1969b).
With increasing air traffic, the frequency of bird-aircraft collisions encouraged the
poisoning of several bird species around airports (Caithness, 1968; Cyr, 1977). Other
species have been immobilized with alpha-chloralose, namely WUd Turkeys (Meleagris
galhpavo) CWiUiams, 1966; Williams et al., 1966), Canada Geese {Branta canadensis}
(Crider and McDaniel, 1966, 1967), Starlings (Stumus vulgaris) (Feare et al., 1981),
Waterfowl (Woronecki et al., 1991), as well as larger animals like Western grey
Kangaroos (Macropus juliginosus\ (Arnold et al., 1986). However, a fairly long time
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elapses between drug ingestion and muscle paralysis, allowing the birds to travel a good
distance away from the capture sites fWilliams, 1966).
Capture success was considerably improved when alpha-chloralose was combined with
secobarbital (Crider and McDaniel, 1967, 1968; Bmnet and Cyr, 1992a). Secobarbital is a
depressant of the central nervous system that has been administered in laboratories and
clinics for purposes ranging from light tranquilizadon to general anesthesia (Wenger et al.,
1986; Furuyama et al., 1989; Nahata et al., 1991; Giffard et al., 1993). Brunet and Cyr
(1992a) systematically studied the effects of different proportions of alpha-chloralose and
secobaibital on Red-winged Blacld)ird (Agelaius phoeniceus) behaviors m captivity. They
have shown that the birds are immobilized more rapidly, and for a shorter period of dme,
with a mbcture of the two drugs than with alpha-chloralose alone. Doses ranging between
0.02 and 0.03 mg/g of body mass of each drug are suggested to maximize capture success
without endangering the birds' lives.
Although the anesthetic properties of alpha-chloralose and secobarbital are well known
(HolzgrefeetaL, 1987; Wenger, 1988; Reid et al., 1989; Lang et al., 1992), it has been
ignored how long the birds' physiological functions are affected after they have regained
consciousness. To mvesdgate into this question, we used circadian rhythms of activities as
general indicators of the birds' physiological responses to the drugs (Murdock, 1986;
Kennedy et al., 1990; Chakrabarty et al., 1991). These rhythms originate in the central
nervous system, in the suprachiasmatic nuclei of the hypothalamus and in the pineal gland
(Enright, 1965; Rusakand Zucker, 1979), and they control many physiological functions
(review: Aschoff, 1960; Youngki et al., 1980; Alleva, 1987; Nowicki and Ball, 1989;
Refmetti, 1992). Our first goal was to evaluate the dme lapse between ingestion of a
mixture ofalpha-chloralose and secobarbital and the recovery of normal rhythms. Because
handling Red-winged Blackbirds is known to disturb their circadian rhythms for several
days in captivity (Brunet et al., 1989), the drugs were not admmistercd by handling but
rather mbced with their food. Our second goal was to find out if intoxication too soon after
their transfer to isolated boxes could generate artefacts due to theu- recent handling. We
therefore intoxicated birds either 3 days or 15 days after handling and compared the
rhythms of activides and behaviors between these two groups of birds. An untreated
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group was included to study putative fluctuations in circadian rhythms not caused by
intoxication.
MATERIALS AND METHODS
Red-winged Blackbirds were captured with mist nets in a marshy roost They were kept in
captivity in an indoor aviary for at least one month prior to experimentation, as
recommended by the Ad Hoc committee of AOU (1988). During this period, food and
vitaminized water were provided ad libitum. The diet was composed of 1 part of cracked
corn, 1 part of nuxed grain, and 1/2 part of growth grain (16% protein). Relative humidity
was 45 ± 5 %, temperature 23.0 ± 0.5 °C and illumination on a 12:12 LD cycle.
A total of 45 adult males were weighed and placed individually in a cage within a sound
proof box (Imxlmxlm) during the 30 days of experiment. Relative humidity was 47 ±
5 %, temperature 24.0 ± 0.5 °C and illumination constant at 11 ± 0.5 lux. This light
intensity was chosen because Red-winged Blackbirds express more stable circadian
rhythms of activity at 11 lux than at higher light intensides. In earlier works, we have
shown that these conditions sustain similar organization and intensity of activities as
higher light intensities do (Brunet, 1990; Gaufhier, 1989). Air circulation was maintained
with a flow of 25 Vsec (Brunet and Cyr, 1992b). Juveniles and young males were
excluded because young birds are more sensitive to toxins (Hill and Camardese, 1981;
Hudson et al., 1984). The experimental animals received 14 g of mixed grain, an amount
that favours a regular food intake of about 7 g/day (Brunet and Cyr, pers. comm.). The
food was provided at 8:00 am every day, which constitutes a weak Zeitgeber that adjusted
the birds' activities to a period of 24 h at the onset of the experiment Any modification in
the period length would be due to the drugs. They were subdivided into three groups of 15
specimens: birds of Group A remained untreated (control group), birds of Group B were
treated on day 3 and birds of Group C were treated on day 15. The treated birds received a
mbcture of alpha-chloralose and secobarbital prq)ared according to Brunet and Cyr(1992):
anhydrous alpha-chloralose 0.020 mg/g body weight (10% P-isomer; Sigma Chemical
Co.) and secobaibital 0.020 mg/g body weight (Eli Lilly and Company Ltd) were
dissolved m propylene glycol (BDH). The solution was sprayed over the 14 g of grain
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mixture in a concentration that provided the whole dose in 7 g, and then incubated at room
temperature for 48 h to favour dmg adhesion. The dose of drugs ingested was assumed to
be proportional to the amount of grain ingested. Daily amounts of grain eaten were
estimated by weighing the remainings every morning for each box. Behavioral
informations were collected through a one-way window during 1 h after the corn was
provided, and once every 3 h on the day of treatment.
Circadian parameters were monitored from the birds' perch hopping activity (activity level,
daily distribution of activity and period length). Each cage was equiped with two perches,
linked by a microswitch to an event recorder (Brunet, 1990). The daily activity level of
each bird represented the mean number of perch-hoppings per hour (PH/h). Because perch
utiMzadon varied widely among birds, the daily activity level of each bird was expressed in
percentage relative to the activity level recorded on the first day, taken as 100% PH/h. In
the case of the daily distribution of activides, the activity level recorded each hour was
expressed in percentage relative to the highest number of PH/h of the day. We
supplemented these measurements with behavioral observations to verify that variations in
activity levels following drug ingestion were not due to a change in perching tendency.
Finally, period lengths were measured from the birds actograms. Mann-Withney U tests
for small sample size were used to compare daily activity levels, period lengths and daily
amounts of food ingested between the birds of the control and treated groups.
Distributions of daily activity before and after drug ingestion were compared by the Chi-
square contingency test Body weights measured before and after the experiments were
compared using the Wilcoxon paired-sample test (Zar, 1984).
RESULTS
The experiment was started with birds of similar body weights, with averages of 62.5 ±
3.5 g for group A (control), 62.4 ± 3.3 g for the birds intoxicated on day 3 (group B) and
58.8 ± 6.6 g for the birds intoxicated on day 15 (group C). Weight losses of
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Figure 1. Comparison between the mean (± SEM) daily food uptakes of the control
birds (n=15) and the bu-ds intoxicated on day 3 (n=15) or 15 (n=15), over 30 days of
experiment. Values were expressed as differences from 7 g. * P < 0.05, *** P < 0.001.
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sample tests, group A: Ti5 = i,p< 0.0025; group B: TIS =l,p< 0.005; group C: Tis =
13.5, p < 0.05), with residual weights of 54.1 ± 7.2 g, 54.8 ± 5.3 g and 54.3 ± 7.9 g for
groups A, B and C respectively. The three means for reduction were not significantly
different, indicating that weight loss was not a consequence of drug absorption.
A daily survey of the birds' feeding habits demonstrated that ingesdon of alpha-chloralose
with secobarbital affected their food uptake. All control birds ingested an average of 7
g/day throughout the experiment, whereas those feeding on grain mixed with drugs
reduced their food uptake. They were observed to slow down rapidly their feeding and
grooming activities, and they were all unconscious wifhm 10 min, remaining asleep during
2 ± 1 h (data not shown). Nonnal feeding intensity was not restored the next day.
Although the differences were not stadstically significant, the birds intoxicated on day 3
tended to reduce their daily food uptake until the end of the 30-day period (Fig. 1). The
bu-ds treated on day 15 responded more strongly to the drugs and consumed significandy
less grain than the control birds during 11 days (day 15: U(4,5) = 24; day 16: U(5^) =18;
day 17: U(3,4) = 12; day 18: U(4,5) = 18; day 19: U(4,5) = 18; day 20: U(4,5) = 21; day 21:
U(4,5) = 21; day 22: U(4,5) = 18; day 23: U(4,5) = 21; day 24: U(4^) = 19; day 25: U(4^) =
23). These results demonstrate that alpha-chloralose with secobarbital reduced the birds'
food uptake long after they regained consciousness. Moreover, normal feeding was
restored more rapidly when the birds were given 15 days to get acquainted to their new
environment before intoxication took place.
The effects of alpha-chloralose plus secobaibital on the birds' daily activity were in
agreement with behavioral observations. Before treatment, their activity level did not vary
significandy with time, and was not different among the three groups (Fig. 2). The drugs
significantly reduced the birds' activities. Mann-Withney U tests revealed significant
differences in activity level between the control birds and the birds intoxicated on day 3
(U(i5,i5) = day 3:188; day 4:186; day 5: 192; day 6:187; day 7:194; day 8: 195; day 9:
199; day 10:191; day 11: 201; day 12: 189; day 13: 186; day 14: 195; day 15: 188; day
16:192; day 17: 188; day 18: 193; day 19: 198; day 20: 195; day 21: 188; day 22: 189;
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Figure 2. Comparison between the mean daily activity level (% number of perch
hoppings/h or %PH/h) of the control and the treated birds. Each bird daily activity level
was expressed in percent of the activity level recorded on the first day,.taken as 100%
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Figure 3. Typical distribution of the daily activities (% number of perch hoppings/h or
%PH/h) of a control bird on days 2 and 17, of a treated bird of group B on days 2 and 5,
and of a treated bird of group C on days 2 and 17, over 30 days of the experiment The
activity level recorded each hour was expressed in percentage relative to the highest
number of PH/h of the day, taken as 100% PH/h.
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intoxicated on day 15 (U(i5j5) = day 15: 186; day 16: 187; day 17: 188; day 18: 193; day
19: 173; day 20: 170; day 21: 158; day 22: 163; day 23: 161). The birds that ingested the
drugs on day 3 remained less active than the control birds during 23 days, whereas those
on day 15 had completely restored their activides within 9 days.
The daily distribution of activities was also modified by alpha-chloralose plus secobarbital.
Since the birds activides were not synchronized, we present an example of the activity
distribution for one member of each of the three groups (Fig. 3). The control bird
exhibited a bimodal pattern characterized by two peaks of activity, at the beginning and
end of the high-activity phase. This pattern of the daily activity was also expressed by the
birds of Groups B and C before treatment, but was lost after dmg ingestion (Chi-square
tests, Group B: X223 = 185.76, P < 0.0001; Group C: X2^ = 137.66, P < 0.0001).
The circadian period of Red-winged Blackbirds was also strongly affected by alpha-
chloralose and secobarbital. Figure 4 presents actograms of three birds from each group:
the controls (A-C), birds treated on day 3 (D-F) and birds treated on day 15 (G-I). These
actograms show that the control birds and the treated birds (before they received the dmgs)
maintained a period close to 24 h. Therefore, although they received their food radon
every morning at 8:00, this disturbance was not sufficient to affect their period. On the
contrary, this event could be responsible for maintaming their period length around 24 h.
Alpha-chloralose plus secobarbital caused the birds to experience a phase shift and/or
change in period length. These effects were so strong that 7 of the birds treated on day 3
and 4 of the birds treated on day 15 became aperiodic for at least two days, showing
erratic phases of rest and activities. Examples of aperiodicity are presented in Figures 4H
and 41. The birds that did not loose periodicity adopted a period shorter than 24 h, an
effect that lasted several days (Fig. 5). Mann-Withney U tests revealed significant
differences in period length between the control birds and the birds mtoxicated on day 3
(Group B: U = day 3:171; day 4:173; day 5: 170; day 6: 175; day 7: 172; day 8:179; day
9: 176; day 10: 171; day 11: 170; day 12: 182; day 13: 180; day 14: 175), as well as
between the control birds and the birds intoxicated on day 15 (Group C: U = day 15: 159;
day 16: 179; day 17: 182; day 20: 184; day 21: 187; day 22: 185; day 23: 172; day 24:
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Figure 4. Actograms of perch-hoppmg activity of Red-winged blackbirds. Three
examples arc provided for control birds (A-C), birds treated on day 3 (D-F) and birds
treated on day 15 (G-I). Actograms H and I illustrate examples of arythmicity occurring
after drug ingestion. Each line represent 24 hours, activity bouts are indicated by dark
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Figure 5. Comparison between the mean period lengths of control (n=15) and birds
intoxicated on day 3 (n=8) or day 15 (n=ll) over 30 days of experiment Vertical bars
represent standard errors. * P < 0.05, *ilc P < 0.01.
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decrease on the day of treatment and remained around 22.5 h during 11 days, to decrease
again 10 to 12 days after they had regained normal levels. The birds treated on day 15
responded to the drugs after 4 to 5 days, as also shown on their actogram (Fig.4G-I), and
their period length varied considerably with time. These results demonstrate that the
distribution of daily activities and the period length were dismpted during more than a
week after drug absorption, and that the two groups tended to respond with different
amplitudes.
DISCUSSION
We have established that circadian rhythms are strongly affected by the combination of
alpha-chloralose and secobarbital. The day they were intoxicated, tfae birds of both treated
groups reduced their activities by more than 40%. They were all unconscious within 10
min after feedmg began, and remained asleep during 1 to 3 h. Signs of intoxication were
still detected after the birds had regained consciousness. Two days after they ingested the
drugs, the birds had not restored their usual distribution of daUy acdvides, and many had
become aperiodic. Moreover, they required more than 10 days to regain fheir normal
feeding intensities, activity levels and penod lengths. The half-life of secobaibital in the
circulating blood is estimated around 29 h, and trace amounts are still present 4 days later
(Clifford et al., 1974). The half-life of the anesthetic effect of alpha-chloralose is still
unknown because we do not know whether this dmg achieves its anesthetic acdon by
itself, or after metabolic conversion to chloral hydrate (Holzgrcfe et al., 1987).
Nevertheless, alpha-chloralose considerably alters the pharmacokinetics of barbiturates
(Mullane et al, 1984; Kenzora et al., 1984). By interfering with their redistribution to the
lean body mass, alpha-chloralose prolongs their biological activity as effective anesthedcs
(Price, 1960; Hudson et al., 1983). These literature data arc in agreement with the long
term effects of the mixture of alpha-chloralose and secobaibital we presendy measured for
circadian rhythms.
The dme lapse between their transfer to an isolated box and the drug ingestion strongly
influenced the birds' responses to alpha-chloralose with secobarbital. The birds treated on
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day 3 required a longer period of time to express normal feeding behaviors and activity
levels than those treated on day 15. Moreover, differences in the amplitude of the birds'
reactions were noticed between the two groups. An early treatment was associated with a
less pronounced decrease in feeding intensity and a more frequent loss of periodicity. It is
conceivable that the recent handling has interacted with their responses to the drugs.
According to Brunet et al. (1989), Red-winged Blackbirds transferred to a new
environment respond to this stressful experience by a modification of their circadian
rhythms. In another study, Bnmet and Cyr (1990) established correlations between the
frequency at which Red-winged Blackbirds were manipulated and the reductions in body
weight and activity levels. They noticed that the birds still showed signs of stress even 9
days after their last handling. In our experiment, the birds were weighed and moved from
an aviary into a sound-proof box, passing from a social to an isolated condition.
Consequently, the rhythms of the birds that absorbed the dmgs only 3 days later were
probably still pertuibed by their recent handling and transfer into this new environment,
thus interacting with the responses of their dracdian rhythm system to alpha-chloralose
and secobarbital. The fact that the results obtained with the group of birds intoxicated 15
days after handling differed from those treated earlier suggest that they were no longer
affected by their handling and had become acquainted with their new environment
As a conclusion, it has become evident that alpha-chlcuralose combined with secobarbital
causes significant changes in Red-winged Blackbirds behaviors and circadian rhythms of
activity, and that these modifications last longer than a week. Further investigations are
required to explain why the birds treated on day 3 experienced a second phase of period
length reduction 10 to 12 days after they had apparcndy recovered, and why the period
length of those treated on day 15 only started to decrease 4 to 5 days after drug ingestion.
Nevertheless, we have established fhat an intoxication performed too soon after their




This study was supported by the Natural Sciences and Engineering Research Council of
Canada. We wish to thank M. Picher for her constructive comments on this report.
REFERENCES
AD HOC AOU COMMITEE (1988): The use of wild birds in research. Auk 105: la-39a.
ALLEVA, J.J. (1987): The biological clock and pineal gland: how they control seasonal
fertility in the Golden Hamster. Pineal Res. Rev. 5:95-131.
ARNOLD, W.G., D. STEVEN, J. WEELDENBURG and E.O. BROWN (1986): The
use of alpha-chloralose for the repeated capture of Western grey kangaroos,
Macropus Juliginosus. Aust. Wild. Res. 13: 527-533.
ASCHOFF, J. (I960): Exogenous and endogenous components of circadian rhythms.
Cold Spring Harbor Symp. Quant. Biol. 25:11-28.
BORG, K. (1955): Chloralose and its use for catching crows, gulls, pigeons etc. Viltrcvy-
JaktbiologiskTidskrift 1: 88-116.
BRADY, J. (1974): The physiology of insect circadian rhythms. Adv. Insect Physiol. 10:
1-16.
BRUNET, R. (1990): Relation entre les differents facteurs des rythmes circadiens et la
hiecarchie sociale chez Ie Carouge a epaulettes (Agelaius phoeniceus\. Masters
thesis, University of Sherbrooke, Department ofbiologie, Sherbrooke, Canada.
BRUNET, R. and A. CYR (1990): Effet du stress de la manipulation sur Ie comportement
du Carouge ^ epaulettes. J. Can. Zool. 68:1168-1 173.
BRUNET, R. and A. CYR (1992a): Anesthetization of captive Red-winged Blackbirds
with mixtures of alpha-chloralose / secobaibital. J. Wildl. Manage. 56: 806-809.
33
BRUNET, R. and A. CYR (1992b): The impact of dimethoate on rhythms of three
granivorous bird species. Agriculture, Ecosystems Environ. 41: 327-336.
BRUNET, R., S. GAUTHIER and A. CYR (1989): Does visual structural environment
influence the periodicity of circadian activity rhythms in Red-winged Blackbirds
(Agelaius phoeniceus). J. Interdiscipl. Cycle Res. 20: 249-256.
CAITHNESS, T.A. (1968): Poisoning gulls with alpha-chloralose near a New Zealand
airfield. J. Wildl. Manage. 32: 279-286.
CHAKRABORTY, S., P. THOMAS and DJ. SHERIDAN (1991): Arrhythmias, haemo-
dynamic changes and extent of myocardial damage during coronary ligation in
rabbits anaesthedzed with halothane, alpha-chloralose and pentobarbitone. Int. J.
Cardiol. 31: 9-14.
CLIFFORD, J.M., J.H. COOKSON and P.E. WICKHAM (1974): Absorption and
clearance of secobaibital, heptabarbital, methaqualone and ethinamate. Clin.
Pharmacol. Ther. 16: 376-389.
CORNWELL, P.B. (1966): Control of house sparrows with alpha-chloralose. Intern.
Pest Control 8:10-13.
CRIDER, E.D. and J.C. MCDANIEL (1966): Technique for capturing Canada Geese
with alpha-chloralose. Proc. Ann. Conf. S. E. Game and Fish Comm. 20: 226-
233.
CRIDER, E.D. and J.C. MCDANIEL (1967): Alpha-chloralose used to capture Canada
Geese. J. WUdl. Manage. 31: 258-264.
CRIDER, E.D. and J.C. MCDANIEL (1968): Oral dmgs used to capture Waterfowl.
WUdl. Res. Proj. Office pp.156-161.
CYR, J. (1977): Experiments with alpha-chloralose to control harmful birds. Bird-
Banding 48: 125-137.
DAUDE, J.L. (1942): Capture et destruction des corbeaux, pies et autres oiseaux nuisibles
aux recoltes. Bull. Acad. Med. 126: 452-454.
34
ENRIGHT, J.T. (1965): The search for rhythmicity in biological time-senes. J. Theor.
Biol. 8: 426-468.
FEARE, CJ., A.J. ISAACSON, P.A. SHEPPARD and J.M. HOGAN (1981): Attempts
to reduce starling (Stumus vulgaris ) damage at dairy farms. Protection Ecol. 3:
173-182.
FURUYAMA, P., Y. ISfflDA, M. FURUYAMA, T. HASHITANI, Y. ISOBE, H.
SATO, K. OHARA and H. NISHINO (1989): Thermal salivation in rats
anesfhetized with barbiturates, chloralose, urcthane and ketamine. Comp.
Biochem. Physiol. 94C: 133-138.
GAUTHD3R, S. (1989): Rythmicite circadienne et mecanismes de synchronisadon dans
un groupe de Caiouges ^ epaulettes (Agelaius phoemceus). Ph.D.thesis,
University of Sheibrooke, Department ofbiologie, Sherbrooke, Canada.
GIBAN, J. (1947): La lutte contre les pies et les corbeaux. Rev. Hort Paris 30: 433-435.
GIFFARD, R.G., J.H. WEISS, R.A. SWANSON and D.W. CHOI (1993): Secobaibital
attenuates excitotoxicity but potentiates oxygen-glucose depnvadon neuronal
injury in cortical cell culture. J. Cereb. Blood Flow Metab. 13: 803-810.
HILL, E.F. and M.B. CAMARDESE (1981): Subacute toxicity with young birds:
Response in relation to age and intertest variability of LC50 estimates. In Avian
and Mammalian Wildlife Toxicology. Edited by D.W. Lamb and E.E. Kenaga.
2nd Conference, ASTM STP 757, ASTM, PhUadelphia, PA, p.41.
HOLZGREFE, H.H., J.M. EVERTTT and E.M. WRIGHT (1987): Alpha-chloralose as a
canine anesthetk. Lab. Anim. Sci. 37: 587-595.
HUDSON, R.J., D.R. STANSKI and P.O. BURCH (1983): Phannacokinedcs ofmetho-
hexital and thiopental in surgical patients. Anesthesiology 59: 215-219.
HUDSON, R.H., R.K. TUCKER and M.A. HAEGELE (1984): Handbook of toxicology
of Interior, Fish and Wildlife Service, Res. Publ. 153, Washington DC.
35
KENNEDY, M.J., G.L. GEBBER, S.M. BARMAN and B. KOCSIS (1990): Forebrain
rhythm generators influence sympathetic activity in anesthetized cats. Am. J.
Physiol. 28: R572-R578.
KENZORA, J.L., J.E. PEREZ, S.R. BERGMANN and L.G. LANGE (1984): Effects of
acetyl glyceryl ether of phosphorylcholine (platelet activating factor) on
ventricular preload, afterload, and contractility in dogs. J. Clin. Invest. 74: 1193-
1203.
LANG, R.M., R.H. MARCUS, A. NEUMANN, D. JANZEN, D. HANSEN, A.M.
FUJII and K.H. BORROW (1992): A dme-course study of the effects of
pentobarbital, fentanyl, and morphine chloralose on myocardial mechanics. J.
Appl. Physiol. 73: 143-150.
MULLANE, K.M., N. READ, J.A. SALMON and S. MONCADA. (1984): Role of
leukocytes in acute myocardial infarcdon m anesthetized dogs: Relationship to
myocardial salvage by anti-inflammatory drugs. J. Pharmacol. Exp. Ther. 228:
510-522.
MURDOCK, B.S. (1986): Chronobiology. Bolger Publications. U. S. A. pp. 1-19.
MURTON, R.K., A.J. ISAACSON and N.J. Westwood (1963): The use of baits treated
with alpha-chloralose to catch wood-pigeons. Ann. Appl. Biol. 52: 271-293.
NAHATA, M.C., S. STRLING and R.C. EDWARDS (1991): Prolonged sedadon asso-
dated with secobarbital in newborn infants receiving ventilatory support. Am. J.
Perinatol. 8: 35-36.
NOWICKI, S. and G.F. BALL (1989): Testosterone induction of song in photosensitive
and photorefractory male sparrows. Horm. Behav. 23: 514-525.
POSSIDENTE, B. and F.K.STEPHAN (1988): Circadian period in mice: Analysis of
genetic and maternal contributions to inbred strain differences. Behav. Genet. 18:
109-117.
PRICE, H.L. (I960): A dynamic concept of the distribution of thiopental in the human
body. Anesthesiology 21: 40-45.
36
REFINETH, R. (1992): Analysis of the cu-cadian rhythm of fhe body temperature.
Behav. Res. Meth. Introd. Comp. 24: 28-36.
REID, W.D., C. DAVIES, P.D. PARE and R.L. PARDY (1989): An effective
combination ofanesthetics for 6-h experimentation in the Golden Syrian hamster.
Lab. Anim. 23: 156-162.
RIDPATH, M.G., R.J.P. THEARLE, D. MCCOWAN and FJ.S. JONES (1961):
Experiments on the value of stupefying and lethal substances in the control of
harmful birds. Ann. Appl. Biol. 49: 77-101.
RUSAK, B. and I. ZUCKER. (1979): Neural regulation of circadian rhythms. Physiol.
Rev. 59: 449-526.
THEARLE, RJ.P. (1968): Urban Bird problem. In The problem of birds as Pests. Edited
by R.K. Murton and E.N. Wright. Institute of Biology Symposia No. 17, New
York, Acad. Press.
THEARLE, RJ.P. (1969a): The use of stupefying baits to control birds. In The human
control of animal living in the wild. UFAW Symposium, 23rd January, Potters
Bar. pp. 10-16.
THEARLE, RJ.P. (1969b): Some problems involved in the use of stupefying baits to
control birds. Proc. Br. Insect. Fungic. Conf. 5: 458-464.
WENGER, G.R. (1988): Discriminadve stimulus properties of the isomers of
pentobarbital and secobarbital in pigeons. J. Pharmacol. Exper. Ther. 245: 389-
393.
WENGER, G.R., J.M. DONALD and H.C. CUNNY (1986): Stereoselective behavioral
effects of the isomers of pentobarbital and secobarbital in the pigeon. J.
Pharmacol. Exper. Ther. 237: 445-449.
WILLIAMS, L.E.JR. (1966): Capturing wild turkeys with alpha-chloralose. J. Wild.
Manage. 37: 69-72.
37
WILLIAMS, L.E.JR., D.H. AUSTIN and J. PEOPLES (1966): Progress m capturing
turkeys with drugs applied to baits. Proc. Ann. Conf. S.E. Assoc. Game and
Fish Comm. 20: 219-226.
WORONECKI, P., R.A. DOLBEER and T.W. SEAMANS (1991): Use of alpha-
chloralose to remove waterfowl from nuisance and damage situations. Proc.
Verteb. Pest Conf. 14: 343-349.
YOUNGKI, K., M. PALLANSCH, F. CARENDENTE, G. REISSMAN, E.
HALBERG and F. HALBERG (1980): Circadian and circannual aspects of the
complement cascade: New and old results, differing in specificity.
Chronobiologia 7: 189-204.




1. Les tests de chi-carre utilises pour demontrer la perte du patron bimodal de la
distribution joumaU^re des activit^s chez les groupes B et C apres 1'intoxication ont
ete realises ^ partir de 1'ensemble des individus des groupes B et C et non a partir
des individus de la figure 3 seulement.
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CHAPITRE 2
L'lMPACT DU DIMETHOATE SUR LES RYTHMES CIRCADIENS
DE TROIS ESPECES D'OISEAUX GRANIVORES
Le niveau d'acetylcholinesterase cerebrale est largement utilise pour diagnostiquer
Fexposidon des oiseaux sauvages aux pesticides andcholinergiques sur Ie terrain (Hill et
Fleming 1982, Westlake et al. 1983). Toutefois, la variabilite individuelle dans Ie niveau
de base d'AChE enl^ve de la precision aux resultats puisque cette methode necessite la
comparaison du niveau d'activit6 enzymadque des animaux entre eux (Bmnet et Cyr
1990b, Mineau 1991, Brunet et al. 1992). Cette grande variability dans les resultats de
1'AChE am^ne Ie Service Canadien de la Faune a chercher des techniques
compl6mentaires qui nous informeraient sur les effets a long terme des OPs sur les
especes non visees, en milieu natwel ou en laboratoire (Mineau 1991). Les
organophosphores sont des insecticides agissant sur Ie systeme cholinergique. En
reduisant Ie pouvoir d'hydrolyse des cholinesterases, Us provoquent une accumulation de
1'acetylcholine aux synapses. Les OPs sont done des agents anticholinergiques tout
comme Fun des agents anesthesiants utilises dans Ie chapitrc 1 (alpha-chloralose). Dans
ce chapitre, nous avions constate les effets de 1'anesthesiant sur les rythmes d'activite. Ici,
nous avons expose trois esp^ces d'oiseaux a un insecticide organophosphore (dimethoate)
dans Ie but de verifier si les ryfhmes sont modifies de fa^on similaire a Panesth6siant
experimente pr6cedemment (chapitre 1). L'hypoth^se de travail est qu'une seule
exposition au dimethoate engendre des modifications dans les rythmes d'activite des
oiseaux.
RESUME
Le dimethoate est un pesticide couramment utilise en agriculture. Cette etude decrit les
effets du dimethoate sur trois especes d'oiseaux granivores, Ie Bruant des pr6s (Passer-
culus sandmchensis), Ie Bruant chanteur (Melospiza melodid) et Ie Chardonneret jaune
{Carduelis tristis). Les rythmes circadiens d'activite des oiseaux ont ete enregistres
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pendant 30 jours dans des cages insonorisees. Le seizieme jour, sept oiseaux de chaque
espte ont re^u une ctose de 0,24 g de dimethoate / etalee sur 1 m2 de graines. L'ingestion
du dimethoate reduit de fa^on significative Ie taux moyen d'activity joumali^re des
individus par rapport a des oiseaux controles ayant absorbe des graines non-contaminees.
Ce pesticide perturbe aussi les rythmes circadiens des oiseaux pendant respectivement
10,0 jours, 11,5 jours et 9,0 jours pour Ie Bruant chanteur, Ie Bruant des pres et Ie
Chardonneret jaune. De tels effets pourraient amoindrir leur capadte ^ se nourrir et les
rendre plus vulnerables face a d'^ventuels predateurs.
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ABSTRACT
Dimethoate is a currendy sprayed organophosphate on farmlands. Its effects on
endogenous rhythms of three farmland bird species, Savannah Sparrow (Passerculus
sandwichensis). Song Sparrow (Melospim melodid) and American Goldfinch (Carduelis
tristis ) were studied. Doses of 0.24 g of dimethoate m-2 of seeds were given on the
morning of Day 16 of the experiment for treated birds, and removed the next morning.
Rhythmic parameters were coUected in the form of perch hopping activity for a period of
at least 30 days per bird. The treatment reduced significantly the mean daily activity levels
of all the treated birds. It was found that dimethoate ingested orally causes temporary
rhythm alterations, the mean recovery time from intoxication being 10.0 days, 11.5 days
and 9.0 days for Song Sparrows, Savannah Sparrows and American Goldfinches,
respectively. Such effects might become critical, if not fatal, in terms of the food finding
ability of the animal and the birds would also be more vulnerable to predators.
INTRODUCTION
Since 1956, cygon, also labelled dimethoate, has been available as an organophosphate
for use on farmlands, forests and gardens (Packer, 1975). This systemic insecdcide
controls a broad spectrum of species (Matsumara, 1975). The first signs of toxic
exposure are usually caused by oral or cutaneous absorption and long-term effects are
caused by chlorinated hydrocarbons (Caswell, 1979).
Organophosphates act on the metabolism by reducimg the activity of the enzyme
choUnesterase, permitting acetylcholine to accumulate in the nervous tissue (Friedman et
al., 1987). According to O'Brien and Yamamoto (1970), dimefhoate is rapidly eliminated
from an organism exposed to a sublethal dose. However, birds continuously exposed to
the insecticide may die when their cholinesterase activity decreased to 50% (Zinld et al.,
1981). Besides enzymadc effects, weight loss and lowered gonadal activity are also
observed (Ghosh, 1986; Salem et al., 1988).
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Circadian rhythms were recently used in pharmacological and medical studies to detect
and measure drug as well as patho-physiological effects on the rhythms of patients
(Pollmann, 1984; Bruguerolle et al., 1988; Montanini et al, 1988).
Because of their sensitivity, endogenous rhythms can be used to detect individual physio-
logical modifications caused by external agents such as insecticides, toxic food as well as
environmental changes. If dimethoate can alter rhythms, it would enable evaluation of the
response thresholds and duration of toxicity effects. Thompson et al. (1988) observed
daily reduction in rhythms after absorption of insecticides in Common Starlings (Stumus
vulgaris} with several reduction peaks of high intensity. Brunet and Cyr (1990)
demonstrated that stress associated with animal handling affects rhythmic parameters.
Because dimethoate is currently used in agriculture, work was undertaken to study its
effects on the rhythmic parameters of three bird species that inhabit fields and pastures,
the Savannah Sparrow (Passerculus sandwichensis), the Song Sparrow (Melospiza
melodia} and the American Goldfinch (Carduelis tristis). The aims of this study are to
demonstrate the effects of dimethoate on the birds' endogenous rhythms and to evaluate
the duration of their effects.
MATERIALS AND METHODS
American Goldfinches, Song Sparrows and Savannah Sparows were captured with mist
nets, and housed in large aviaries. They were fed ad libitwn with mixed seeds
commercially prepared for wild birds. Vitamins and minerals were added to drinking
water.
The control birds (seven individuals per species) were observed during two periods of 15
days and the treated birds (seven individuals per species) were observed until the physio-
logical effects of the drugs on the birds had disappeared.
44
In order to avoid any factors of entrainment (Zeitgebers) (Aschoff, 1960) which could
modify the rhythms, birds were isolated in individual cages (24 cm x 30 cm x 45 cm)
enclosed in sound-proof boxes (29 cm x 35 cm x 58 cm). The behaviors were observed
through a one-way window. Each cage was equiped with two perches, the water level
was controlled externally and enough food was given to last throughout the whole
experiment without opening the door of the box, to avoid disturbance. The light intensity
was 11 lux, the temperature 24.0 ± 0.5 °C, relative humidity 47.5 ± 5 % and air
circulation maintained with a flow of 251 s-l.
The dose of dimethoate used was 0.24 g dissolved in acetone (Strombord, 1977), layered
on seeds spread over an area of 1 m2. The birds' environment was not contaminated, only
the seeds were sprayed with the insectidde. Seeds contaminated with dimethoate were
made available on the morning of Day 16 of the experiment for treated birds, and removed
the next morning. Control birds were offered fresh uncontaminated seeds in order to
subject them to the same manipulations as experienced by the treated birds. Data were
collected over a period of 30 days or more, depending on the individual time lag needed
for full recovery from the effects of the insecticide.
Rhythmic parameters were collected in the form of perch hopping activity, via micro
switches and electronically recorded with a Mclntsoh 512 K. The time of day and the
perch number of each signal were recorded. Data were compUed and analysed every hour.
The periodogram of Sokolove and Bushell (1978) was used to test the availability of the
circadian rhythmicity and the periodogram of Enright (1965) was used to calculate the
period length (± 0.2 h) as well as the mean daily activity level. Individual weight variation
between the first and the last days of the experiment was also recorded. Daily food
consumption was estimated by dividing the total amount of seeds ingested by the number
of days.
An analysis of variance was performed among the three species on the mean daUy activity
levels. Significant differences were further investigated using Scheffe's tests (Scherrer,
1984). The variation in body weight between the first and last days of the experiment was
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compared among the species with the same statistical test. Values of P < 0.05 and P <
0.01 were considered significant and highly significant, respectively.
RESULTS
Periodograms of Sokolove and Bushell (1978) demonstorate that the activity rhythms of all
the control birds remained unchanged throughout the 30 days of isolation, except in few
cases on day 16 (Table 1). Even though the manipulations were done at the onset of the
acdve phase, phase shifts varying in length from 20 min to close to 8 h were detected on
that day (Figs. 1, 2 and 3). A second phase shift was again detected the following
morning when the manipulation was repeated to simulate the removal of the contaminated
food. These two periods of phase shift are also reported in the treated groups.
Periodogramsof Sokolove and Bushell (1978) performed on the first 10 days show that
the rhythm of each treated bird remained stable (Figs. 1, 2 and 3). This condition is
essential for detectmg the effect of dimethoate.
In general, the treated birds in all three species experienced a change in their period on
Day 16 and many became aperiodic or the activity level was too small for evaluation of
period (Table 2). All period changes are highly significant (P < 0.01 ) and differ by at
least 0.5 h.
The mean daily activity level of the control birds remained stable throughout the
experiment During the pre-tests, the mean daily activity level of the treated birds did not
change significantly. On Day 16 and following days, the mean daily activity levels of all
the treated birds were significantly reduced (F (p < o.05)) ranging from 3.4 to 207.5 perch
hoppings h-1. American Goldfmch No 6 was the only bird to show the same tendency in
its activity without a stadstical difference (Table 2). After 15 days of treatment, the activity
level of all birds showed a tendency to return toward the initial levels (Fig. 4).
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TABLE 1
Control bird measuremens of period length (h), activity level (perch hops s-1) and weight
variation (g day-1) for Song Sparrows, Savannah Sparrows and American Goldfinches at
each stage of 15 days. None of the parameters compared were found to be significantly
















































































































































lRefers to stage of the experiment.
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TABLE 2
Treated bird measurements of period length (h), activity level (perch hops h-1), recovery
period (days), weight variation (g), mean amount of seeds ingested (g day-1) and
approximate doses of dimethoate ingested (mg kg-1 body weight (BW)) for Song
Sparrows, Savannah Sparrows, and American Goldfinches at each stage of 15 days.
Many birds became aperiodic (AP), or the activity level was too smaU to evaluate the






























































































































































































































































Fig. 1. Perch-hopping activity of the seven control and seven treated American
Goldfinches. Activity bouts are mdicated by dark lines and the blanks indicate resting








_ i* day 16
Fig. 2. Perch-hopping activity of the seven control and seven treated Savannah Sparrows.
Activity bouts are indicated by dark Unes and the blanks indicate resting spells. The









Fig. 3. Perch-hopping activity of the seven control and seven treated Song Sparrows.
Activity bouts are indicated by dark lines and the blanks indicate resting spells. The










Fig. 4. Mean daily activity level of the treated birds measured as the mean number of perch
tnggerings per hour (g ± SD) for the three bird species at each stage of 15 days. All birds



















Fig. 5. Mean body weight variation (g ± SD) between the first and the last days of the
experiment of the treated and control birds. The treated birds of the first two species lost
significantly more weight than their control counterparts (P < 0.05).
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A few birds died following the treatment, excluding them from recovery time evaluations.
The mean recovery dme from intoxication for the Song Sparrows is 10.0 days, for the
Savannah sparrows 11.5 days and for the American Goldfmches 9.0 days (Table 2).
The last parameters to be recorded were the weight of the birds on the first and the last
days of the experiment, and the mean daily amount of food ingested. The control Song
Sparrow gained an average of 0.43 g and the treated ones lost 3.4 g (P < 0.05, U calc =
35). The untreated Savannah Sparrows maintained a constant body weight while the
treated group lost an average of 2.6 g (P < 0.05, U calc = 28). The control American
Goldfinches lost 0.71 g, which is not significantly different from the 2.6 g lost by the
treated birds (Fig. 5). These results are not related to the amount of food ingestedbecause
all three species ate on average the same amount of seeds per kilogram body weight: the
Song Sparrow ate on average 2.14 ± 0.48 g day -1, the Savannah Span-ow 1.93 ± 0.53 g
day -1 and the American Goldfmch 1.93 ± 0.53 g day -1 (Tables 1 and 2).
DISCUSSION
The results indicate that dimethoate ingested orally causes temporary rhythm alterations in
all three bird species. The period change cannot be attributed to stress associated with the
food transfer because the control birds did not express a change in theu- period excq)t for
some phase shifts which can be related to the food switch on Day 16. Even though the
distribution of activity was not modified, in contrast to the findings of Gauthier and Cyr
(1990), many treated birds became apenodc or their activity level became too low to be
measured (Table 2). This in itself implies a change in the activity distribution. This
reaction from the administration of dimethoate is only temporary as the birds recovered
their periodicity after an average of 10 days, depending on the species. This might be
interpreted as a return to the normal condition, even if the activity rhythm they adopt after
the treatment is different from the one expressed before the treatment. In fact, Pittendrigh
and Daan (1976) demonstrated that events experienced by an animal before the expression
of a circadian rhythm influence its rhythm. Consequently, the treatment m itself modifies
the birds' previous experiences, and, by doing so, causes a change in the rhythm of the
birds.
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All treated birds decreased their activity levels after dimethoate ingestion. The lower level
of activity after the treatment is predictable given the nature of dimethoate.
Organophosphates inhibit the activity of cholinesterase, from which follows an
accumulation ofacetylcholine in the nervous tissues, initiating muscle cramps (Friedman
et al., 1987). The birds seem to begin to excrete the insecdcide quite rapidly (O'Brien and
Yamamoto, 1970). Even though no blood samples were collected in the present study, the
slow recovery in activity level back to the normal state does not necessarily parallel the
gradual disappearance of dimethoate in the bloodstream. FuU recovery of the activity level
implies that all factors inimical to the survival of the bird have disappeared.
The recovery time ranged between 6 and 15 days. Some individuals and species seem to
eliminate the dimethoate more rapidly than others. American Ctoldfmches recover more
rapidly than Song Sparrows which in turn recover more rapidly than Savannah Sparrows.
This trend does not seem to be associated with the amount of food ingested, but may
reflect the physiological capacities of each species to eliminate the insecdcide. The loss of
weight observed cannot be a result of decreased feeding or hyperacdvity because neither
of these were observed.
For an animal that has ingested insecticides, an impaired ability to find food might become
critical, if not fatal, should the physiological effects remain for several days. Under such
conditions, birds would also be more vulnerable to predators. These considerations
illustrate the effects of dimethoate on non-target species. For an insecticide to be safe,
non-target animals should not suffer any physiological impairments, or at the very least,
its effect should not last long enough for the animal to die from hunger or to be killed
under unusual conditions by a predator.
Even if the change in penodicity only indicates whether or not the bird has been
intoxicated, monitoring the activity level allows measurement of the duration of the
physiological impact of dimethoate.
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Further studies are required to measure the influence of dimethoate ingestion on the daily
food consumption of individual birds, i.e. to determine whether the birds eat less when
intoxicated.
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INFORMATIONS SUPPLEMENTAIRES
1. Les oiseaux sent gardes en voliere pendant une periode minimale de 1 mois avant
Ie debut des experiences, a une temperature de 20 ± 1°C, une humidite reladve de
55 ± 5% et sous une photopenode de 12:12 (L:N). On leur foumit de la noumture
ad libitwn composee de moulee laid^re (16% de protemes), mais concasse,
melange pour oiseaux sauvages et nourriture pour chatons Purina Kittenchow®
dans une proportion de 2: 1: 1: 0,5. Par la suite, les oiseaux sont places dans des
cages isolfe 10 jours avant Ie debut de 1'experience, et ce dans les memes
conditions que ceUes qui prevalent au cours de 1'experimentation. La noumture est
contenue dans une mangeoire remplie au jour 1 de 1'experience. Au jour 16, la
mangeoire est videe pour n'y laisser que 20 g de noumture. Au jour 17, une
estimation de la noumture ingeree est effectuee en mesurant la quandte de
nourriture (g) non-consommee des 20 g foumis la veille, puis la mangeoire est
emplie ^ nouveau. L'experience se fait en lumiere constante et 1'alimentation des
oiseaux, lorsqu'elle a lieu, se fait a 8:00 h AM et ce peu importe 1'heure
circadienne de 1'oiseau.
2. Les Chardonnerets jaunes nos 2 et 3 sont morts avant la fin des 30 jours qu'a dure
l'exp6rience, de meme que les Bruants des pres nos 2, 4, 5 et 6 et les Bruants
chanteurs nos 3,5 et 7.
3. A la figure 5 chaque espte est representee par 7 oiseaux temoins et 7 oiseaux
trait6s.
4. Dans la discussion, 1'expression «all factors inimical to the survival» signifie: tous




ETUDE COMPARATIVE DE I/IMPACT DU DIMETHOATE SUR LE
COMPORTEMENT ET LE TAUX D?ACTIVITE DU CAROUGE A
EPAULETTES (AGELAIUS PHOENICEUS )
Le dimethoate est un pesticide de la classe des organophosphores qui est couramment
utilise sur les fermes et les propri^tes privees. Hs rcpresentent un moyen tr^s efficace de
lutte contre les esp^ces consider6es nuisibles. Par contre, une fois qu'ils sont r6pandus
dans 1'environnement, ils out aussi Ie potentiel de provoquer des effets toxiques chez les
esp^ces non vis6es (Grue et al. 1991). Les OPs ont et6, 21 plusieurs repnses, impliques
dans les empoisonnements non intentionnels d'oiseaux sauvages de plusieurs esp^ces
(Stanley etFletoher 1981, Grue^ al. 1983, Smith 1987, Mineau et Peakall 1987, Greig-
Smith et aL 1990, Kendall et cd. 1992). Jusqu'a maintenant, nos resultats ont demontre
des perturbations du rythme circadien d'acdvite chez des oiseaux exposes aux
anticholinergiques dont Ie dimethoate (chapitre 2). Toutefois la periode de reduction de
Facdvit^ suite 21 une exposidon a un OP est mal connue dans la litteraturc. Les travaux se
sont surtout concentrcs a decrire ce qui est r6duit dans 1'activity, comme Ie budget
d'activit6 (Grue et Shipley 1981), Ie temps de vol (Hart 1993), Ie chant (PeaM et Bart
1983, Grue et Shipley 1981), les activites de locomotion (Fibiger etal. 1971), etc. A notre
connaissance, seuls les travaux de Raslear et Kaufman (1983) montrent que des
param^trcs circadiens sont desorganises au del^ du temps que dure la periode de r^ducdon
du taux d'activit6 chez Ie rat Dans cet article deux points sont evalues, d'une part, les
effets sous-letaux du dim^thoate sur Ie comportement, 1'ordrc d'apparition des
sympt6mes, leur duree et d'autre part, les effets sous-l^taux sur Ie taux d'acdvite et leur
dur6e. On a constat6 que les effets sur Ie comportement sont de tres courte duree alors que
la duree des effets sur 1'activite est plus longue selon la dose d'exposition. Le taux
d'activite pourrait tr^s bien ^tre un outil permettant de detecter une exposition ^ un OP, tant
en laboratoire que sur Ie terrain, mais 6galement, un outil pour d6terminer Ie temps de
recuperation et de readaptadon suite ^ une exposition 21 un OP chez les especes non visees.
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RESUME
En milieu naturel, plusieurs especes non vis6es incluant les oiseaux sont empoisonnees par
les OPs tels que Ie dimethoate. Alors que les causes de d^ces ont fait 1'objet de
nombreuses etudes, les effets des doses sous-letales sont peu connus. Dans cette etude,
nous avons etabli la liste des sympt6mes d'intoxicadon des Carouges a epaulettes
{Agelaius phoeniceus) exposes ^ des doses de dim^thoate variant entre 0 et 1000 mg/kg
poids frais (PF). Des doses > 2 mg/kg PF causent 1'ataraxie, suivie de la pLlorecdon et de
la deshydratation (defecadon et diarrhee). Des troubles musculaires et des complications
respiratoires apparaissent a des doses ^ 3 mg/kg PF. Les premiers cas de paralysie
musculaire et de mortalite surviennent avec 5 mg/kg PF, et tous les oiseaux qui ont ingere
des doses sup6rieures a 28 mg/kg PF sont decides. La dose mediane letale (DL5o) est
estimee ^ 9.9 mg/kg PF. Les sympt6mes d'intoxication persistent entre 1,5 et 12,5 hrs.
Par centre, Ie taux <T activity des oiseaux demeurc perturbe pendant plusieurs jours par des
doses inferieures ^ 6,7 mg/kg PP. Des doses ^ 1,34 mg/kg PF causent une diminution de
68 ^ 73% du taux d'activit6, alors que des doses ^ 1,34 mg/kg PF causent une
augmentation de 100% du taux d'activit6. Ces resultats sugg^rent que les symptomes
(Tintoxication peuvent s'av&er udles pour d6tenniner Ie degre d'intoxicadon, alors que Ie
taux (Tactivit6 des oiseaux est un outil plus sensible pour estimer la duree de la periode de
recup6ration.
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Non-target wildlife are frequently exposed to organophosphate pesticides such as
dimethoate. WhUe the causes of mortality have been reviewed, much less is known of the
potential danger of sublethal exposures to these pesticides. In this work, the impact of
lethal and sublethal doses of dimethoate on red-winged blackbirds was invesdgated using
two different approaches: visual symptoms of intoxication and fluctuations in daily activity
level. A series of symptoms was recorded in order of appearance with oral doses of
dimethoate ranging from 0 to 1000 mg/kg BW. Doses > 2 mg/kg BW induced ataraxia,
followed by pilorecdon and dehydration (defecation and diarrhea). Neuromuscular
disfuncdons and breathing complications appeared at 3 mg/kg BW. Muscle paralysis and
death were first observed with 5 mg/kg BW, and all birds that ingested doses superior to
28 mg/kg died. LDso was estimated at 9.9 mg/kg BW. Signs of intoxicadon lasted from
1.5 to 12.5 hours. In contrast, the bu-ds' activity level was affected during several days
with doses lower than 6.7 mg/kg BW. Two opposite responses were observed: doses >:
1.34 mg/kg BW initiated a 68 to 73% decrease in activity level, whereas doses ^1.34
mg/kg BW initiated a 2-fold increase in activity level. These results suggest that the
symptoms of intoxication may be useful to assess the degree of intoxication, and that the
birds activity level is a more sensitive tool to estimate the time necessary for complete
recovery.
INTRODUCTION
With increasing restrictions on the use of organochlorme compounds in the environment,
organophosphates (OPs) have become the most commonly used pesticides in many parts
of the world (Smith, 1987). However, the use of OPs in or near wildlife habitats has been
responsible for inadvertent poisoning of large numbers of wild animals. Among them,
dimethoate (o,o-dimethyl-s-(methylcaibamoylmethyl) phosphorodithioate) has been used
since 1956 (Packer, 1975) on cultures of fruits, vegetables, grain and fodder (Spencer,
1982). The potendal danger of dimethoate to non-target species has been reported in fishes
(Gill and Pant, 1987; Kumar, 1989), birds (Bakre and Rajasekaran, 1989) and mammals
(Schafer, 1972). Birds were shown to be more sensitive to OPs than rodents (Schafer,
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1972; Anderson et al., 1977), and rodents to be more sensitive than fishes (Wallace and
Herzberg, 1988).
Dimethoate is known to cause many biochemical and physiological stresses in animals
including reductions in reproductive hormones level (Donovan et al., 1979), electroence-
phalogram modifications (Duffy and Burchfiel, 1980), liver and spleen weight losses
(Shaker et aL, 1988), impairment of the exchanges of sister chromatids (Gomez-Airoyo et
al., 1987), an increase in glucose-6-phosphate dehydrogenase activity (Khattab et al.,
1986) and an inhibition ofacetylcholinesterase (AChE) (ffiU and Flemming, 1982; Taylor,
1990). Measurements of AChE activity in brain and plasma have been widely used to
document sublethal exposure of wild birds to OPs (for a review see Mineau, 1991). A
50% depression in brain AChE activity has been suggested as a diagnostic of
anticholinesterase-induced death (Ludke et al., 1975), whereas a 20 % inhibition was
judged sufficient to confirm an exposure to OPs (Zinkl et al., 1981).
While the causes of mortality have been extensively studied (for a review see Mineau,
1991), the consequences of sublethal doses of OPs on non-target species have received
litfle attention. Recent studies demonstrate that sublethal doses of OPs induce behavioral
responses that can have a direct bearing on the survival and/or reproductive potential of an
individual. Acute exposure to OPs induces a profound depression, as shown by a
reduction of a wide variety of behavioral outputs, both innate and learned (Bignami et al.,
1975). Any symptomatic behavior should be interpreted as a visual sign of physiological
impairments occumng in a short or long term. In fact, the direct consequence of an
inhibition of AChE is an accumulation of acetylcholine (ACh) in the synaptic clefts
(Taylor, 1990). Since ACh is an ubiquitous neurotransmitter found both in the central and
the peripheral nervous systems, a large variety of symptoms related to ACh accumulation
are expected to manifest themselves (Russel, 1982). In order to shed more light on wild
birds' chances of survival following an exposure to dimethoate, we tested the impact of a
wide range of dimethoate concentrations on rcd-winged blackbirds (Agelaius phoeniceus) .
To our knowledge, the impact of low doses of dimethoate on non-target species has not
been documented in the literature. Therefore, the aim of this study was to determine the
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range of sublethal doses of dimethoate required to induce signs of intoxication and to
evaluate the duration of these signs by monitoring daily activity level.
MATERIALS AND METHODS
Animals
Adult male red-winged blackbirds were captured from wild populations with mist nets and
held in aviaries for at least a month prior to testing to allow acclimadzation, as
recommended by Oring et al. (1988). During this period, CTacked corn and vitaminated
water were provided ad libitum. Relative humidity was 45 ± 5%, temperature 23.0 ± 0.5
°C and illumination on a 12:12 LD cycle under natural intensity.
Before intoxication, the birds were assigned to individual cages (42 x 22 x 30 cm) each
enclosed within a sound-proof box (1m x 1m x 1m). Relative humidity was 47 ± 5%,
temperatire 23 ± 1°C, illumination at 11 ± 0.5 lux on a 12:12 LD cycle and air circulation
maintained with a flow of 25 Vsec (Bmnet and Cyr, 1992). Cracked corn and water were
provided ad libitwn. Cygon 2E was purchased as a solution containing 24.9 g dimethoate/
100 ml Cyclo-Sol 63 (American Cyanamid Co.). Radvanyi et al. (1986) have
demonstrated that the solvent does not in itself inhibit the activity of brain AChE. Dilutions
were prepared in 0.2 ml distilled water and given direcdy into the birds' crop with a
syringe connected to a canula.
Experiment A: Symptoms of intoxication of red-winged blackbirds to
dimethoate
The different symptoms of intoxication were surveyed using a total of 65 birds and 35
different doses of dimefhoate ranging from 0 to 1000 mg/kg BW. The birds were video-
recorded under constant illumination (11± 5 lux) for a period of 24 hours following
intoxication. The symptoms, recorded by first appearence and duration, were: ataraxia,
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hyperexcitability, pilorection, tremors, vomiting, tachypnea, myasthenia, dyspnea, ataxia,
incoordination, defecation, tenesmus, diarrhea, opisthotonos, lethargy, and mortality.
None of the 25 control birds force-fed with water manifested these symptoms. The treated
birds were considered fully recovered when they could no longer be distinguished from
the controls. For each dose, we also noted the delay between intoxication and the
appearance of the first symptoms. Mortality rates and LD5o were determined with another
group of 35 birds and doses of dimethoate ranging from 0 to 30 mg/kg. Finally, a
relationship between sublefhal doses of dimethoate (0 to 30 mg/kg BW) and the duradon
of symptoms was established with another group of 35 birds.
Experiment B: Impact of dimethoate on red-winged blackbirds' activity
level
This experiment was carried out under a 12:12 LD light cycle (11 lux) with 7 groups of 10
birds. Five groups received a specific dose of dimethoate: 6.69 mg/kg BW, 2.23 mg/kg
BW, 1.34 mg/kg BW, 0.96 mg/kg BW or 0.74 mg/kg BW. Two control groups were
included: birds force-fed with water (stress control) and untreated birds momtored as a
control on activity level through time (time control). The activity level of each bird was
measured from perch-hcypping activity. Each cage was equiped with two perches
connected to a microswitch linked to an event recorder (Brunet, 1990) on a Macintosh
computer. The activity level of each bird was expressed as the mean daily number of perch
hoppings per hour (PH/h). The impact of dmethoate on the birds was considered to start
with the force-feeding and to end when their activity level had reached a stationary phase.
Statistical tests
Significance of the linear relationships established between symptoms appearance and
dose of dimethoate, as well as between mortality rate and dose of dimethoate was tested by
an analysis of variance. A X2 test was used to compare the birds' daily activity distribution
before and after intoxication. The mean daily activity level of each group of birds
expressed before intoxication was compared with those expressed during or after
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intoxication using paired-sample Wilcoxon tests. Finally, non-paramefa^c single factor
analysis of variance (Kruskal-Wallis), followed by Mann-Withney tests, were carried out
to compare the duration of the effects of different doses of dimethoate on the birds activity
level. Values of P < 0.05 were considered significant.
RESULTS
Time- and dose-dependent symptoms of intoxication to dimethoate
A series of symptoms of intoxication were recorded from red-winged blackbirds following
ingestion of various doses of dimethoate. The lowest dose tested was 0.34 mg/kg BW and
the highest dose tested without observable effects was 1.64 mg/kg BW. Figure 1 presents
the list of symptoms in order of appearance and for increasing doses of dimethoate, from
ataraxia to death. For instance, the birds exposed to doses ranging between 1.75 and 2.00
mg/kg BW experienced ataraxia, followed by pilorection and dehydration (defecation and
diarrhea). With doses >: 2.5 mg/kg BW, neuromuscular disfuncdons including
hyperexcitability, tremors, muscular fadgue (myasthenia), ataxia and mcoordination,
preceeded dehydradon. Episodes of vomiting, as well as accelerated (tachypnea) and
shallow (dyspnea) breathing were frequently experienced by birds that ingested between
3.00 and 4.00 mg/kg BW. Muscle paralysis (opisthotonos) and death started to occur at a
dose of 4.90 mg/kg BW. Several symptoms appeared erratically at higher doses, as the
more severe symptoms, including death, happened too quickly for the birds to experience
the first milder effects of the pesticide, or for the observer to detect them. These results
suggest that it may be possible to estimate the degree of




Mean daily perch-hopping activity level of red-winged blackbirds recorded before and
after exposure to a sublethal dose of dimefhoate. Values are expressed as percent variation
from the mean daily activity level maintained before exposure (days 1 to 8), considered as
100%. The mean activity level adopted during exposure was computed from the values
found either significandy lower or higher than the mean value measured before exposure.










































* Two control groups were included: birds force-fed with water (stress control) and
untreated birds monitored as a control on activity level through time (time control).
*'(SThe group of birds treated with 1.34 mg/kg BW was separated into two subgroups: the
birds that decreased (n==4) and those that increased (n=6) their activity level.
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A relationship was established between the dme elapsed before the appearance of the first
symptoms and the pesticide concentration (Fig. 2). The delay decreased from 730 to 10
min with doses increasing from 1.75 to 75.00 mg/kg BW (P < 0.05, r2=0.71, F =
436.14). This figure also shows that all bu-ds submitted to a dose of dimethoate lower than
4.9 mg/kg BW survived, whereas all birds given a dose higher than 28.0 mg/kg BW died
within 24 hours. Figure 3 presents the mortality rate of the birds as a function of the dose
of dimethoate ingested (P < 0.05, r2 = 0.92, P = 507.93). The acute oral median lethal



















Dose of dimethoate (mg/kg BW)
Fig. 1. List of the symptoms of intoxication of red-winged blackbirds to ingested
dimethoate, in order of appearance and according to the dose, from ataraxia to death
(n=27).
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Another group ofbkds was submitted to sublethal doses of dimethoate (1.5 to 28.0 mg/kg
BW) m order to invesdgate the duration of the symptoms of intoxication. Since death
started to occur with 4.9 mg/kg BW (Fig. 1), measurements taken on the birds that died
were not included. Intoxication was considered to begin with the appearance of the first
symptoms and to end when the birds started to behave like the control birds. Figure 4
presents a relationship between the duration of intoxication and the dose of dimethoate.
The signs of mtoxication lasted between 100 and 400 min with doses inferior to 2.5 mg/kg
BW, and tended to reach a plateau around 750 min with doses superior to 15.0 mg/kg
BW. Thus, a single exposure to a sublethal dose of dimethoate is expected to disturb the
birds' activities at least an hour, and up to 12 hours for those that survive to doses higher















Dose of dimethoate (mg/kg BW)
Fig. 2. Linear relationship between the time of appearance of the first symptoms after
intoxication and the dose ofdimethoate ingested by red-winged blackbirds (y = 551.54
-268.95 log x; r2 = 0.71). Each symbol represents one individual (n=65).
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Fig. 3. Linear relationship between the mortality rate (%) ofred-winged blackbirds and the
dose of dimethoate on a logarithmic scale (y = -77.21 + 128.15x; r2 = 0.92). Each symbol
represents one individual (n=48).
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Impact of dimethoate on the activity level of red-winged blackbirds
The effect of sublethal doses of dimethoate on the activities of red-winged blackbirds was
invesdgated by recording their daily perch-hopping activity level before and after
exposure, over a period of 30 days. We also included two control groups to take into
account the impact of handling stress and captivity on their activity level through time.
Figure 5 presents the mean daily activity level of 10 birds for five different doses of
dimethoate, ranging from 0.74 to 6.69 mg/kg BW. The activity level of each bird was
expressed as the percentage of the average activity level of the whole group on the first
day, taken as 100%. The activity level of the control birds remained undisturbed through
time. In contrast, strong behavioral responses were measured after drug ingestion. The
birds that received either 6.69 or 2.23 mg/kg BW all reacted by becoming significandy
less active for several days (P< 0.0001, X2 6.69^92.03; P < 0.0001, X2 2.23 =436.74).
In contrast, the birds treated with lower doses, 0.96 or 0.74 mg/kg BW, became hyper-
active (P < 0.0001, X2 o.96=1015.65; P < 0.0001, X2 o.74=l 17.31). The transition
between those two opposite reactions was positioned around 1.34 mg/kg BW, as about
half the birds became less active (P < 0.0001, X2 i.34=78.53) and the others more acdve
(P< 0.0001, X2 i.34=9'7.65) than before intoxicaticm. Thus, dimethoate can cause either
an increase and a decrease in activity level, depending on the concentration absorbed by
the bird.
The birds' activity levels recorded before and after pesticide ingestion are summarized in
Table 1. For each group, a mean value was calculated from the daily activity levels of the
10 birds recorded over the first 8 days of experiment (before intoxication). The mean
activity level resulting from pesticide ingesdon (during intoxication) was calculated from
assessments made during days when the daily activity levels were found either
significantly lower or higher than the mean value obtained before intoxication. Fmally, the
mean activity level expressed by the birds after they had recovered from the pesticide



































Dose of dimethoate (mg/kg BW)
30
Fig. 4. Relationship between the duration of the symptoms of intoxication of red-winged
blackbirds as a function of sublethal doses of dimethoate (y = 145.87 + 462.84 log x).
Each symbol represents one individual (n=35).
experiment. The mean activity levels measured during and after intoxication were then
expressed as percentages of the mean activity level maintained before intoxication, which
was considered as 100%. These results show that dimethoate markedly modified rcd-
winged blackbirds' activity level. The birds that experienced a depressive state after
ingestionof 6.69, 2.23 or 1.34 mg/kg BW reduced their activity level to 23.1%, 38.7%
and 32.0%, respectively (P < 0.001, Z 6.69=-8.13; Z 2.23=-9.36; Z i.34=-6.43). On the
other hand, those that became hyperactive in response to 1.34, 0.96 or 0.74 mg/kg BW at
least doubled their daily activity level (P < 0.001, Z u4=-5.66; Z o.96=-6.17; Z 0.74=-
5.49). These results clearly indicate that the impact of dimethoate on the birds activities













Fig. 5. Frequency distribution ofred-winged blackbirds perch-hopping activity before and
after ingestion of sublethal doses of dimethoate. Each vertical bar represents the mean (±
SEM) daily number of perch hoppings per hour (PH/h) of all 10 birds of each group. The
pesticide was ingested on day 9 (arrow) and the bars underneath each distribution indicate
the days on which the activity level was either significandy lower or higher than the mean
value obtained for the eight days before mtoxication.
By the end of the experiment, the activity levels of the dme and stress control birds had
gradually decreased to 81 and 87%, respectively (P < 0.05, Z time =-2.44; P < 0.001, Z
stress =-2.09). Since these values were not statistically different, the birds activity level was
apparently not affected by the stress due to the force-feeding. As for the treated birds,
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although most mean values of the last five days were still different from that expressed
before intoxication (P < 0.001, Z 6.69=-2.80; P < 0.01, Z 2.23=-2.43; P < 0.05, Z 1.34
(hyperactive) =-2.33; P < 0.001, Z o.96=-3-63), their activity level tended to stabilize around
100% or close to those of the control birds. The large standard errors prevented statistical
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6.69
Fig. 6. Duration of the effects of sublethal doses of dimethoate on red-winged blackbirds'
daily activity level. Values represent the mean (±SE) of the activity level of 7 birds. The
birds treated with 6.69 mg/kg BW remained affected longer than any other birds, and
those treated with 0.74 mg/kg BW recovered more rapidly than the others. Intermediate
doses generated intermediate durations that could not be distinguished by statistical
analysis. ^ P<0.001, ** P<0.01.
The impact of the pesticide on the birds perch-hopping activity lasted between 0.5 and
12.3 days, depending on the concentration (Fig. 6). The birds treated with 6.69 mg/kg
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BW remained affected longer than any other birds (U==91 ; P < 0.001), and those treated
with 0.74 mg/kg recovered more rapidly than the others (U=83; P < 0.01). This tendency
was not influenced by the type of reaction to the intoxication, since the mean activity levels
of the depressive (5.5 days) and hyperactive (5.7 days) birds that received 1.34 mg/kg
BW were not statistically different The large standard error obtained for the group treated
with 0.96 mg/kg BW could be explained by the sporadic increases in activity level
observed over several days (Fig. 5). Thus, the impact of dimethoate on the birds activity
level persisted several days, whereas symptoms of intoxication disappeared within hours.
These results clearly demonstrate that the birds activity level constitutes a more sensitive
indicator of the duration of the effects of dimethoate on the birds metabolism than the
symptoms of intoxication.
DISCUSSION
Oral ingestion of dimethoate by red-winged blackbirds in captivity induces a wide variety
of symptoms, which nature and duration depend on the pesticide concentration. Previous
reports on the impact of sublethal doses of OPs were performed with narrow ranges of
pesticides and records limited to daUy activities such as flying, feeding and singing (Banks
and Russel, 1967; Grue and Shipley, 1981; Grue, 1982; Fairbrofher et al., 1991; Hart,
1993). In this work, we present for the first time an extensive survey of 16 different types
of behavioral symptoms, in thdr order of appearance through dme and according to the
dose of dimethoate, ranging from 0 to 1000 mg/kg BW. The first signs of intoxication,
which consisted in pilorection and dehydration (defecadon and diarrhea), were detected
with a dose of 1.75 mg/kg BW. Above 2 mg/kg BW, the birds experienced a number of
other symptoms before dehydradon, including muscle incoordmation and fatigue leading
to respiratory distress. Muscle paralysis (opisthotonos) and death started to occur with
doses above 5 mg/kg BW. At higher doses, several symptoms appeared eiratically, as the
more severe symptoms, mcluding death, happened too quickly for the bu-ds to experience
the first milder effects of the pesticide. All birds submitted to a dose of dimethoate lower
than 4.9 mg/kg survived, whereas all birds given a dose higher than 28.0 mg/kg BW died
within 24 hours. LDso was estimated at 9.9 mg/kg BW, which is in the range reported in
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the literature for other birds species, 6.6 and 22.0 mg/kg BW (Shafer, 1972; Bakrc and
Rajasekaran, 1989).
The activity level of red-winged blackbirds was also affected by dimethoate, but at doses
for which symptoms of intoxication were not detected. Their activity level started to
respond at 0.74 mg/kg BW, whereas the first visual signs of intoxication were observed
with 1.75 mg/kg BW. Interestingly, two opposite responses were rq)orted within 0.74 to
6.69 mg/kg BW. The birds submitted to doses < 0.96 mg/kg BW nearly doubled their
perch-hopping activities, whereas higher doses resulted in a reduction to approximately
one-third of their initial activity level. Acute doses of OPs have been shown to suppress
the activides of other birds and mammals (Shaker et al., 1988; Bignami et al., 1975; Grue
and Shipley, 1981). In a previous study, we tested the impact of sublethal doses of
dimethoate provided as baits on three granivorous species: song sparrows {Melospiza
melodia), savannah sparrows (Passerculus sandwichensis) and american goldfinches
(Carduelis tristis) (Brunet and Cyr, 1992). All three species became less active after they
ingested in average 5.7,5.3 and 5.4 mg/kg BW, respectively. These findings corroborate
the results we obtained for the doses > 1.34 mg/kg BW. This reduction in activity level
could be explained by the fact that organophosphoms pesticides inhibit cholinesterase
activides, from which follows an accumulation of ACh and muscle cramps (Corbett,
1974). We also report that doses of dimethoate ^ 1.34 mg/kg BW initiate increases in
activity level. Other cases of hyperactivity following exposure to low doses of OPs have
been reported in the literature (Gme et aL, 1991; Hart, 1993). Thus, it may be possible to
establish a relationship between the dose of OP and the type of response of a bird's
activities (increase or decrease) that could provide a first estimate of the dose absorbed.
The rates at which the signs of intoxication and the effects on the activity levels of red-
winged blackbirds appeared and disappeared were dose-dq)endent, as reported for other
OPs(Bakre and Rajasekaran, 1989; Gomez-Arroyo et al., 1987). The visual symptoms of
intoxication lasted from 100 to 750 min after intoxication with increasing doses from 1.75
to 15.00 mg/kg BW. These results are in agreement with those of Hudson et al. (1984),
who reported that animals are symptom free 24 hours after exposure to sublethal doses of
OPs. However, according to their daily activity level, the birds were stiU affected by the
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pesticide several days after intoxication, regardless whether they showed an increase or a
decrease in activity level. For instance, the effects of a dose of 6.69 mg/kg BW on the
birds activity level persisted about 12 days. This is in the same range as we previously
reported for three granivorous species, song sparrows, savannah sparrows and american
goldfmches, with 6 to 15 days after ingestion of about 5.5 mg dimethoate/kg BW (Brunet
and Cyr, 1992). Therefore, even though the visual signs of intoxication disappear within
hours after ingestion of the pesticide, the physiological impact of a single sublethal dose of
dimethoate on non-target species may last several days after the pesticide was sprayed on a
field.
Although enzyme assays indicate that the birds excrete OPs within hours (O'Brien and
Yamamoto, 1970), the slow recovery in activity level does not necessarily parallel the
gradual disappearance of dimethoate in the bloodstrcam. In fact, the activity level was
shown to be proportional to brain AChE activity in rodents (Bignami et al., 1975) and
birds (Bakre and Rajasekaran, 1989). Flemming and Grue (1981) rqx)rted that
cholinesterase levels take much more time to return to normal levels than do OPs to be
eliminated. Brain cholinesterase (ChE) activides of mallard ducks, bobwhite quails, barn
owls, starlings and common gracldes were shown to take in average 26 days to recover
after being dqn-essed by 55-64% with oral doses of dicrotophos (Flemming and Grue
(1981). Therefore, the activity level would constitute a more sensitive indicator of
changes in brain AChE activity than intoxication symptoms.
Several experiments were conducted in an attempt to establish a relationship between
symptoms of intoxication and AChE activity (Fairbrother et al., 1991). Unfortunately, the
conclusions were highly contradictory. For instance, Banks and RusseU (1967) reported
that a 40 to 60 % inhibition of brain AChE was necessary to detect the first ethological
signs of intoxication, which is much higher than what was proposed by Hart (1993).
Kurtz (1977) could not detect any relationship between percent AChE inhibition and
behavioral symptoms caused by malathion. Thus, the behavioral signs of intoxication can
not provide an estimate of brain AChE inhibition. Nevertheless, the informations gathered
here on the visual symptoms of exposure could be used to estimate the degree of OP
exposition and chances of survival in studies in which animals cannot be manipulated.
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In conclusion, we have demonstrated that sublethal doses of dimethoate may endanger
non-target species by altering their activities and physiological responses to environmental
stresses over several days. Intoxication symptoms and activity level could provide useful
information in laboratory experiments in which the pesdcide is mixed with food and where
bird handling must be avoided. Intoxication symptoms would indicate the dose of
dimethoate absorbed, whereas the activity level would serve as an indicator of brain AChE
activity.
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INFORMATIONS SUPPLEMENTAIRES
1. L'expression «potential danger» ne refere pas au type ou a 1'ampleur de la toxicite
mais a un danger d'exposition potentiel.
2. Les oiseaux sont gardes en voliere pendant une penode minimale de 1 mois avant
Ie d6but des experiences, a une temperature de 20 ± 1°C, une humidite reladve de
55 ± 5% et sous une photop6dode de 12:12 (L:N). On leur foumit de la nourriture
ad libitum composee de moulee laiti^re (16% de proteines), mais concasse,
melange pour oiseaux sauvages et noumturc pour chatons Purina Kittenchow®
dans une proportion de 2: 1: 1: 0,5. Par la suite, les oiseaux sont places dans les
cages 5 jours avant Ie debut de 1'experience, et ce dans les m^mes condidons que
celles qui prevalent au cours de l'exp6rimentation.
3. Les oiseaux out ete exposes au dim6thoate par gavage et leur comportement a ete
observe pendant 24 heures suivant 1'exposition (gavage).
4. A la figure 2,1'axe Y represente Ie temps qui s'6coule entre 1'exposition par gavage
(temps 0) et 1'apparition des premiers sympt6mes quels qu'ils soient (temps Y).
5. La figure 3 represente 5 groupes d'oiseaux exposes a differentes doses de
dimethoate (x). Chaque point reprcsente un individu; ces points r6ferent au
moment de 1'apparition des premiers sympt6mes sur l'6chelle logarithmique. La
droite de regression retire au nombre d'individus morts par groupe (donnees
brutes non-illustrees).
6 • A la figure 4,1'axe Y represente Ie temps ecoule entie 1'apparition des premiers




MISE AU POINT D?UNE METHODE DE SUTVI DE LA TEMPERATURE
CORPORELLE CHEZ CERTAWES ESPECES D?OISEAUX
Le chapitrc 4 ne traite pas directement des impacts du dimethoate, mais constitue une
chami^re importante dans Ie d^-oulement et la validation des chapitres suivants. En effet,
on ne saurait commencer I'^tude des modifications de la temperature corporelle, sans avoir
fait au pr6alable la demonstration que la technique utilisee pour mesurer la temperature
corporelle est efficace.
Dans Ie but de trouver une technique efficace de suivi et de detection des expositions aux
OPs, Ie Service Canadien de la Faune a entrepris dans les annees 80 1'evaluation de
plusieurs techniques, dont celle du suivi de la temperature corporeUe. L'idee gravite
autour du fait que plusieurs chercheurs ont observe des perturbations de la temperature
corporelle (hypothermie) suivant une intoxication ^ un OP (Myers 1987, Kozar et al.
1976. Murphy 1969). II existe plusieurs methodes de mesurc de la temperature corporeUe
dont 1'utilisation de thermocouples ainsi que des emetteurs thermosensibles intemes
(implants) et extemes. Par 1'absence de traumatismes relics ^ la chirurgie ainsi que leur
meiUeure port6e, les 6metteurs thermosensibles extemes s'av^rent avantageux
comparadvement aux 6metteurs intemes. Toutefois, il faut d'abord determiner si la
temperature cutanee peut 6tre utilis6e pour refleter la temperature corporclle inteme. De
plus, peu d'informations sont alors disponibles concemant 1'emplacement id6al pour
apposer 1'emetteur sur 1'oiseau. Ces deux aspects sont 6valu6s dans cet article.
Dans les chapitres precedents nous avons d6montre que les OPs, comme Ie dim^thoate,
provoquent chez les oiseaux des modifications dans les rythmes circadiens. Jusqu'a
maintenant nous nous sommes attardes a I'^tude des rythmes d'activit6s seulement,
cq)endant cTautres param6tres chronobiologiques, tels que la temperature CQrporclle, sont
6galement sujets aux perturbadons caus6es par des intoxications aux OPs. Si eUe s'av^rc
efficace, la technique cTevaluation de la temperature corporeUe par des 6metteurs extemes
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nous permettra dans les prochains chapitres, de determiner si Ie rythme circadien de la
temperature corporelle est effecdvement affecte par un OP.
RESUME
Des emetteurs extemes thermosensibles de longue portee sont habituetlement utilises pour
suivre la temperature corporelle des oiseaux sur Ie terrain. Cependant, ces emetteurs
enregistrent la temperature cutanee CTs), une mesure qui diff^-e de la temperature
corporelle (Tb) des individus, et qui est influenc^e par la temperature ambiante et par des
changements dans Ie taux d'activite des oiseaux. Dans cette 6tude, nous avons demontr6
que Tb peut ^tre extrapolee a partir de Ts, en pla^ant l'6metteur a 1'endroit approprie et a
Faide d'une equation mathematique. Tout d'abord, parmi six positions diff6rentes sur des
Carouges a epaulettes (Agelaius phoeniceus), un emetteur fix6 ^ la base du cou, au-dessus
de la veine jugulaire, procure les mesure de Ts les plus stables dans Ie temps (35,15 ±
1,13 °C) et les plus pr^s de Tb (41,75 ± 0,75 °C), enrcgistr^es simultanement par un
emetteur inteme ms6re dans la cavite abdominale. L'emetteur exteme reproduit les
rythmes drcadiens de Tb de 1'Etoumeau sansonnet (Stumus vulgaris) avec un Tb-Ts
moyende 4,23 ±1,21 °C. Nous avons test6 V impact de la temperature ambiante (Ta) et
du poids corporel chez Ie Sizerin ^ tete rouge (Carduelis flammea), 1'Etoumeau sansonnet
(Stumus vulgaris), la Tourterelle triste (Zencdda macroura), et Ie pigeon biset {Columba
livid). Nous avons 6tabli deux equations permettant (Textrapoler Tb a partir de Ts, en
tenant compte de la temperature ambiante et du poids des oiseaux. Ces resultats
permettront de valider l*utilisation d'^metteurs extemes pour evaluer 1'impact (tes facteurs
environnementaux et des agaits toxiques sur la temperature corporcUe des oiseaux en
milieu naturel.
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ABSTRACT
Field monitoring of avian body temperature has been mostly conducted with external
transmitters for their easy handling, reduced stress to the bird and much longer range of
transmission than internal transmitters. However, they provide a measure of skin
temperature (Ts), which differs from body core temperature fTb), is sensitive to the birds'
activities and to variations in ambient temperature. Nevertheless, we report that an
external transmitter can be used to monitor efficiently avian body temperature, given the
right position on the bird and a simple mathematical relationship. Among sbc different
positions tested on red-winged blackbirds (Agelaius phoemceus), a transmitter fixed on
the jugular vein provided very consistent Ts readings through time (35.15 ± 1.13 C) and
the closest values to Tb (41.75 ± 0.75 C), measured simultaneously by a transmitter
implanted in the abdominal cavity. At this position, Ts was able to follow cu-cadian
changes in Tb ofaeuropean starling (Stumus vulgaris), with a mean Tb-Ts difference of
4.23 ± 1.21 C. We then tested the impact of ambient temperature fTa) and body weight
on Tb and Ts using common redpolls (CardueUs flamm^), european starlings (Stumus
yulgans), mouming doves (Zenaida macroura). and pigeons fColumba Uyia). Multiple
regression analysis of these results indicates that Tb can be extrapolated from Ts by two
equations, taking into account body weight and ambient temperature. These informations
will improve field monitoring of avian body tempCTature with long-range external
transmitters.
INTRODUCTION
Endothermic organisms use both autonomic and behavioral types of response to maintain
a stable body temperature. In birds, core body temperature (Tb) usually ranges between
40 C and 44 C during the day and between 37 C and 40 C at night (Prinzinger et al.
1991). However, food scarcity and/or cold load can lead to a marked decrease in Tb (25-
35 C) during the resting phase, called "controUed hypothermia". Others confironted to
extreme cold stress at night undCTgo torpor, a physiological state that allows Tb and
metabolism to drop to extremely low levels (Prinzinger et al. 1991). The range of day-
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night oscillation in Tb was also shown to increase with lower gonadal activity (Veghte
1964, Rudedge 1974) and with decreasing body weight (Merkel 1958).
Avian body thermoregulation has been studied with calibrated digital thermometers
inserted into the cloaca (Bartholomew et al. 1983, Prinzinger et al. 1989, Lam and
Harvey 1990, Warkentin and West 1990), the intestines (Inomoto and Simon 1981), or
the rectum (Macleod et al. 1992). Telemetry transmitters were surgically implanted under
the skin (West 1962, Hart and Roy 1967), m the vertebral canal (Hissa and Rautenberg
1974, Graf et al. 1989), or in the intraperitoneal cavity (Reinertsen 1980, 1982;
Reinertsen and Haftom 1984, Waite 1991, PhilUps and Berger 1991). Although internal
transmittCTs provide an accurate measure of body temperature, their use in field
experiments has been limited because of their low range of transmission and the impact of
surgery and anesthesia on the birds' behavior and survival.
Few studies have compared the impact of cold load and/or food deprivation on Tb and Ts
in pigeons (Schmidt and Simon 1979, Hohtola 1982, Graf et al. 1989). Hohtola (1982)
reported that ambient temperature (0-30 C) does not influence intraperitoneal Tb or
backskin Ts, but caused a gradual decrease in Ts on their feet. Grafet al. (1989) showed
that food deprivation initiated a decrease in both backskin Ts and spinal Tb during the
dark phase. These studies suggest that an external transmitter positioned in an adequate
location on the bird could replace internal transmitters in Tb measurements, following a
mathematical transformation.
We developed a method to obtain accurate monitoring of avian body temperature with an
external radio transmitter. We demonstrate that an external transmitter fixed at the base of
the neck on the jugular vein gives Ts measurements of low variability through time during
the birds active phase and can reproduce diumal fluctuations in Tb. The influence of
body weight and ambient temperature (Ta) on Tb-Ts was investigated using four different
bird species (common redpolls, european starlings, mourning doves, and pigeons).
From these results, we established two relationships that will allow to extrapolate Tb from
Ts under these conditions.
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Red-winged blackbirds, common redpolls, european starlings, mourning doves, and
pigeons were captured with mist nests. All birds were kept in large aviaries for at least
one month before the experiments to allow accUmatizadon (Ad Hoc AOU Committee
1988), but no longer than three months to avoid changes in basal metabolism and body
temperature CWarkentm and West 1990). During this period, they were fed ad libitum
with cracked corn and mixed seeds commercially prepared for wild birds. Vitamins and
minerals were added to drinking water. Relative humidity was 45 ± 5%, ambient
temperature 23.0 ± 0.5 C, and mumination on a 12:12 LD cycle (400:0 lux).
Temperature measurements
The birds were equiped with external and/or internal thermosensitive radio telemetiy
transmitters. External transmitters of 1.8 g (Holohill) were fixed with surgical glue
directly on the bkds skin, after removing feathers and down. Six positions were tested:
ventrally, on their abdomen (VA), between the wings (VBW), and underneath the wings
(VUW); dorsally, on their lower back (DLB), between the wings (DBW), and at the base
of the neck on the jugular vein (DNJ) (Fig. 1A). Small (1.5 g) internal transmitters
(HolohiU) were surgically implanted in the abdominal cavity under anesthesia (Reinertsen
1982). Briefly, a single incision was made on the right side, and two transmitters were
inserted in the cavity: one on the right side and one on the left side (Fig. 1B).
Experiments were performed one week after surgery (Reinertsen 1982). External
transmitters recorded skin temperature (Ts), whereas internal transmitters recorded body
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core temperature (Tb). Measurements were recorded as temperature-dependent pulse rate
by a Lotek receiver. Ambient temperature was measured with a thermocouple connected
to a digital fhermometer.
Experimental procedures
In the first experiment, six red-winged blackbirds were used to determine where, on avian
body, Ts is the least affected by the birds' activities during the day. Each bird was used
to test all sue positions, sequentiaUy. They were housed together in a large aviary (2.7 x
2.7 x 3.3 m) providing multiple perching and feeding sites. Relative humidity was 50 ±
3%, ambient temperature (Ta) 20 ± 1 C and light intensity 400 lux. Ts measurements
were recorded at 10-min intervals during 180 min. Statistical analyses were performed
with Wilcoxon sign rank tests for paired data (Zar 1984). In the second experiment, we
recorded simultaneously Ts and Tb with three red-winged blackbirds equiped with an
external transmitter on thejugular vein and two internal transmitters on either sides in the
abdominal cavity. Temperature measurements and analyses were performed under the
same conditions. Results indicated that the best conditions to monitor avian Ts and Tb
are: an external transmitter on the jugular vem and an internal transmitter inserted in the
abdominal cavity on the opposite side to the suture. These conditions were used in the
remaining experiments.
In the third experiment, daily fluctuations in Ts and Tb of a european stalling were
recorded simultaneously every 10 min over a period of 65 hrs. The bird was confined to
a sound-proofbox (0.6 x 0.6 x 0.6 m) equiped with a perch, as well as enough food and
water for the whole experiment Relative humidity was 50 ± 3 %, Ta at 20 ± 1 C,
iUumination on a 12:12 LD cycle (400:0 lux), and ventillation at 1.5 Vmin. Circadian
cycles were constructed from mean Tb and Ts values per hour. Simple regressions were
performed between Ts and Tb during the dark and the light phases of the diumal cycle
(Zar 1984).
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Finally, the impact of body weight and Ta on Tb and Ts was investigated with a common
redpoll (13 g), two european starlings (79 g and 82 g), a mouming dove (119 g), and a
pigeon (355 g). Each bird was confined to a sound-proofbox as in the third experiment,
but under constant illumination (400 lux). Ta was decreased stepwise from 30 to 25, 20,
15,10, 5 and 0 C, with a period of 90 min at each temperature. The first 30 min were left
for acclimatization, and both Tb and Ts were recorded at 10-min intervals during the
following hour. Multiple regression analyses were performed to establish a relationship
between Tb, Ts, Ta, and body weight (Zar 1984).
RESULTS
Six red-winged blackbirds were housed together in an aviary to investigate where skin
temperature (Ts) is the least influenced by theu' activities. All six positions tested with
external transmitters recorded similar Ts (34.68 C to 35.50 C), except for the one placed
on thejugular vein» which tended to record higher values (36.33 ± 1.12 C). In contrast,
consistency of the measurements through time differed among the six positions (Fig. 2).
The wcnrst position was ventrally under the wing, with Ts variations of ± 2.52 C over 180
min, a value significantly higher than all others (7^ = -2.20 to -2.24, P = 0.02 to 0.03).
The best position was dorsally on thejugular vein, with Ts variations of ± 1.25 C (26 = -
2.05 to 2.21;P= 0.02 to 0.03).
Three red-winged blackbirds were equiped with an external transmitter on the jugular vein
and two internal transmitters surgically implanted in the abdominal cavity (Fig. 1B). Fig.
3 shows that the mean difference between body core and skin temperatures fTb-Ts)
obtained over 180 min was smaller with the internal transmitter inserted on the opposite
side to the mcision (BCO) than with the one located under the incision (BO) (^4 =
-2.201; P = 0.028). Respective mean Tb values were 41.75 ± 0.75 C and 42.87 ± 0.90
C. The 1.12 C difference in temperature readings between the two internal transmitters
suggests that the tissues around the suturc have not fully recovered from surgery after a
week. From these two sets of experiments, we propose that the best conditions to
monitor avian Tb and Ts are: an external transmitter fixed on the jugular vein and an
internal transmitter inserted in the abdominal cavity, on the opposite site to the suture.
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Fig. 1. Description of tfae different places where external and internal transmitters were
positioned on red-winged blackbirds during the experiments. (A) External transmitters:
ventrally on the lower abdomen (VA), between the wings (VBW), and underneath the
wings (VUW); dorsally on the lower back (DLB), between the wings (DBW), and at
thebase of the neck on the jugular vein (DNJ). (B) Internal transmitters: inserted in the
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Fig. 2. Impact of the position of the external transmitter on the variability in skin
temperature fTs) through dme during the light phase. Six rcd-winged blackbirds were
used to test all six positions, sequentially, and measurements were taloen every 10 min
during 180 min. Each bar represents the mean ± SEM temperature variability among the
six birds. Values were compared by a Wilcoxon Signed rank test * p < 0.05.
We used these conditions to demonstrate that Ts can be used to monitor diumal variations
in Tb. Fig. 4 shows typical circadian rhythms of Tb and Ts recorded for a european
starling over 65 hrs under a 12:12 LD cycle and constant ambient temperature (20 C). The
bird's Tb was maintained between 39.95 C and 42.52 C during the dark phase and






Fig. 3. Differences between body core and skin temperature (Tb-Ts) measured with an
external transmitter positioned on the jugular vein (DNJ) and an internal transmitter
inserted underneath the incision (BO) or on the opposite side (BCO) of the abdominal
cavity. Temperature readings from the two internal transmitters were also compared
(BCI-BCO). Each comparison was performed with three red-winged blackbirds and
measurements were taken every 10 min during 180 min. Each bar represents the mean ±
SEM temperature differences among the three birds. Values were compared by a
Wilcoxon Signed rank test. * p < 0.05.
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almost superimposable to that of Tb, with average temperature differences (Tb-Ts) of
4.23 ± 1.21 C. Linear regression analysis demonstrated that Tb accounts for most of the
variations in Ts measured during the dark phase (Fig. 5A) (r2 = 0.92; Es4_= 408.5; P =
0.00011). A weaker relationship was established during the light phase ( r2 = 0.56; F28
= 12.7; P = 0.037). The larger spread of the values around the slope could be explained
by an increase in variability ofTs as a consequence of birds' activides (Fig. 5B). Thus,
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Fig. 4. Daily cycle of body core ( o ) and skin ( • ) temperature of a european stalling
under constant ambient temperature (20 °C) and a 12:12 LD cycle (400 lux). The external
transmitter was fixed on the jugular vein and the internal transmitter inserted in the
abdominal cavity, opposite to the suture. Measurements were taken every 10 min during
65 hrs, and temperature cycles were constructed with average values (n=6) per hour.
SEM never exceeded 5% and were omitted for clarity. The dark phases of 12 hours are
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Fig. 5. Linear relationship between body core and skin surface temperatures recorded on
the european starUng (Fig. 4) (A) during the dark phase (y = -1.08 + 1.06x; r2 = 0.92;
£34 = 408.5; P = 0.00011) and (B) during the light phase (y = 9.35 + 0.79x; r2 = 0.56;
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Fig. 6. Impact of ambient temperature and body size on the body core temperature (Tb)
and skin temperature (Ts). A common redpoll (13 g), two european starlings (79 g and
82 g), a mourning dove (119 g), and a pigeon (355 g).were equiped with an external
transmitter fixed on the jugular vein and an internal transmitter inserted in the abdominal
cavity, opposite to the suture. Ambient temperature was decreased stepwise from 30 to
25, 20, 15, 10, 5, and O C, with a period of 90 min at each temperature. Measurements
of body core and skin temperatures were recorded at 10-min intervals during the last 60
min. Each value represents the mean (n=10) body core and skin temperatures recorded at
each ambient temperature level. SEM ranged between 1.0 C and 1.2 C, and so could not
be resolved on this figure.
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We investigated the effect of ambient temperature fTa) and body weight on Tb and Ts,
with a common redpoll (13 g), two european starlings (79 g and 82 g), a mourning dove
(119 g), and a pigeon (355 g). Fig. 6 shows that Tb was not affected by Ta, except for
the common redpoll who presented a significant decrease in both Tb (r2 = 0.76; F3 =
12.92, P = 0.038) and Ts (r2 = 0.85; FS = 22.24, P = 0.0092) below 10 °C. On the
other hand, Ts of larger birds, pigeon and dove, tended to decrease gradually with colder
Ta, independendy ofTb (r2 = 0.67; £7 = 8.08, P = 0.047). Thus Tb and Ts values are
dependent upon Ta and body weight. Stepwise regression analysis of these results
showed that avian Tb can be extrapolated from Ts using two relationships that take into
account variations in body weight (BW) and (Ta). The two equations sq)arate passerine
from non-passerine birds:
Passerines: (Tb-Ts) = 9.765 - 0.043 (BW) - 0.031 (Ta )
r2 = 0.77, P > 0.0001
Non-passerines: (Tb-Ts) = 11.051 - 0.004 (BW) - 0.097 (Ta)
r2 = 0.85, P > 0.0001
DISCUSSION
In this work, we have demonstrated that a long-range external transmitter can be used to
monitor avian body temperature. First, we established the best experimental conditions to
compare skin temperature (Ts) and body core temperature (Tb). Among six different
positions tested on red-winged blaclAirds, the external transmitter fixed on the jugular
vein was the least affected by the birds activities, with a mean variability in Ts of ± 1.25
C over 3 hrs. Second, although a recovery period of seven days was recommended for
the insertion of a transmitter in birds abdominal cavity (Remertsen 1982, Reinertsen and
Haftom 1984, PhUMps and Berger 1991, Wiemusz and Teeter 1993), we report that Tb
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was 1.12 C higher underneath the suture than on the opposite side of the abdomen. To
avoid this artefact, we suggest that the incision should be practiced on one side (and not in
the center) of the abdomen and the transmitter pushed to the opposite side in the cavity.
Under these conditions, a european stalling exhibited a well-defined diumal Tb cycle,
with values between 39.95 C and 42.52 C during the dark phase and between 42.09 C
and 43.75 C during the light phase (Reinertsen 1982, Reinertsen and Haftom 1983,
Prinzinger et al. 1991). An external transmitter fixed on the jugular vein provided a
diumal Ts cycle very similar to the Tb cycle, with a mean Tb-Ts difference of 4.23 ±1.21
C. Significant relationships were established between Ts and Tb during both the dark
phase (r2 = 0.92) and the light phase (r2 = 0.56), suggesting that an external transmitter
can be used to monitor Tb. The larger spread of the values around the slope observed
during the light phase could be produced by the birds activities. Sudden bursts of
activity, such as flying, were shown to increase Tb by 2-3 °C (Bartholomew and Dowson
1954, Prinzinger et al. 1991).
While many bird species are insensitive to changes in ambient temperature (Ta), small
passerines have adapted to cold noctumal temperatures by entering either controlled hypo-
thermia or torpor (Reinertsen 1983, Reinertsen and Haftom 1986, Prinzinger et al.
1989). We demonstrated that an external transmitter fixed on the jugular vein can also be
used to discriminate the impact of Ta on Tb according to the bird species. Body core
temperature of two european starlings (79 g and 82 g), a dove (119 g), and a pigeon (355
g) were not affected by changes in Ta from 0 to 30 C, with means of 42.66 C, 41.54 C,
41.82 C and 41.56 C, respectively. This tendency for birds of lower body weight to
express higher Tb during the active phase has been extensively reviewed (Prinzinger et al.
1991). Similar results were obtained for Ts, although a slight tendency to decrease below
10 C was noticed, as reported by Hohtola (1982) for pigeons' backskin temperature. In
contrast, the common redpoll (14 g) presented a marked deCTease in both Tb and Ts with
increasing cold load, as previously reported by Reinertsen and Haftom (1986). The
stability of Tb reported for the larger birds suggests that they do not undergo controlled
hypothermia. Nevertheless, numerous studies have shown that noctumal Tb of pigeons
(Grafet al. 1989, PhUlips and Berger 1991), doves (Walker et al. 1983), and blackbirds
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(Biebach 1977) fall to lower and lower levels on consecutive nights after the onset of food
dq5rivation. But a low body temperature also implies a lower state of alertness and
presumably a greater risk of being caught by predators. Consequently, these birds must
regulate their metabolic rate in such a way as to maintain a certain level of alertness, while
saving sufficient energy to survive the night, including the necessary rc-emergence from
the state of hypothermia in the morning (Reinertsen and Haftom 1984).
From the results presented here, we identified two equations from which Tb can be
extrapolated from Ts, taking into consideration individual body weight and changes in Ta:
one for passerine and the other for non-passerine birds. Aschoff (1981) also reported
different relationships between thermal conductance and body weight for passerine and
non-passerme birds. Minimal thermal conductance was negatively correlated to body size
and would depend on whether the individual was active or at rest Minimal conductance
measured during the active phase was estimated at 0.16-0.25 ml 02 / g.h.C for the
common redpoll (West 1972, Reinertsen and Haftom 1986), 0.097 ml 02 / g.h.C for the
european starling, and 0.040-0.060 ml 02 / g.h.C for pigeons (Lasiewski et al. 1967,
PhUlips and Berger 1991). Thus the thermoregulatory properties of the birds would
divide them into two categories.
In conclusion, we provide a protocole and two mathematical relationships that will allow
to use long-range external transmitters to monitor body core temperature in wUdlife
experiments. The external transmitter fixed dorsaUy on the jugular vein was shown to
follow very closely any ciracadian changes in Tb, or decrease in Tb induced by cold load.
Moreover, this technique has the advantage of avoiding any physiological or behavic»ral
consequences of anesthesia and surgery, with minimum handling required to capture a
bird and to fix an external transmitter with surgical glue. These findings should
contribute to the expansion of our knowledges on avian thermoregulation.
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IMPACT DU DIMETHOATE SUR LE RYTHME CIRCADIEN DE
TEMPERATURE CORPORELLE DE L?ETOURNEAU SANSONNET
(STURNUS VULGARIS)
Plusieurs etudes sur les effets physiologiques d'une exposition aux OPs montrent des
modifications de la thermoregulation (Myers 1987, Kozar et al. 1976, Murphy 1969).
Cependant, les perturbations etudiees sont surtout centrees sur 1'hypothemiie qui survient
quelques heures apres une intoxication aux OPs. Une etude axee sur 1'ensemble du cycle
circadien de thermoreguladon pourrait nous reveler la possibUite que d'autres aspects
soient modifies par une exposition aux OPs. Nous avons vu que Ie cycle d'activite est
passablement perturbe suite a une exposition a un andcholinergique (chapitres 1 et 2). Les
perturbations des rythmes circadiens d'acdvite s'expliquent par Finhibition de 1'AChE qui
provoque un blocage de la transmission nerveuse dans Ie complexe hypothalamique,
centre regulateur des rythmes circadiens. Le cycle thermorcgulateur etant lui aussi
regularise par Phypothalamus, il devient alors tres probable qu'il soit egalement perturbe
dans son ensemble, tel que Ie cycle d'activite. De plus, puisque 1'activite est 1'un des
param^tres qui modulent la temperature corporelle, il est alors possible que 1'on puisse
observer des modifications du cycle de temperature sinulaires ^ celles du rythme
d'activite. Les evidences actuelles demontrant 1'hypothermie consequente a une exposition
aux OPs suggerent des modifications plus profondes du rythme de temperature
corporelle.
Avec les resultats du chapitre precedent demontrant la capacite de momtorer les variadons
de cycle de temperature avec un emetteur cutane, il devient alors possible d'etudier les
effets d'un OP sur Ie cycle de temperature pendant 24 heures consecudves. Certains
auteurs ont d^montre 1'effet de la temperature ambiante sur 1'inhibition de 1'AChE et
1'amplitude de Phypothermie consequente a une intoxicadon aux OPs (Maguire et
Williams 1987b, McDuff 1995). Ici, nous allons suivre les fluctuations de la temperature
coiporelle en integrant des exposidons plus ou moins aigues de dimethoate combin^es a
des temperatures environnementales differentes.
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RESUME
Les organophosphores (OPs) representent la classe de pesticides la plus utiUs^e sur les
sols de for^ts et de fermes. Cependant, plusieurs especes non visees sont victimes
d'intoxicadon aux OPs. Dans cette 6tude, nous avons montre que des doses de dimethoate
equivalentes ^ 1/18, 1/6 or 1/2 de la dose letale mediane (DL5o) modifient plusieurs
param^tres du rythme circadien de temperature de 1'Etoumeau sansonnet {Stumus
vulgaris) sous une photop^riode L12:N12. La p^riode du cycle fluctue davantage autour
de 24 hrs ± 2 hrs chez les oiseaux exposes au pestidde comparativement a 24 hrs ± 1 hr
chez les oiseaux controles. Le dimethoate induit aussi une diminution de 1'amplitude de
1'oscUlation jour-nuit de temperature, dont la majeure partie se traduit par une
augmentadon de la temperature moyenne noctume. D'autrc part, nous rapportons que Ie
degre d'inhibition de I'acetylcholinesterase (AChE) c6rebrale par Ie pesticide augmente
avec une diminution de Famplitude de 1'oscillation du cycle et avec une augmentation de la
temperature moyenne noctume. Ces rcsultats sugg^rent que la temperature corporelle
pourrait ^tre utiMsee pour evaluer Ie niveau d'exposition aux OPs chez les especes non
visees.
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Dimethoate is an organophosphorus pesticide currently sprayed on farmlands, forests and
domestic gardens. A single exposure to a dose equivalent to either 1/18, 1/6 or 1/2 of the
IZ>5o profoundly disturbed the circadian cycle of temperature of European starlings
{Stumus vulgaris). Variability of the period around 24 hrs was inCTeased by dimethoate,
with 24 ± 1 hr and 24 ± 2 hrs for the control and treated birds, respectively. Dimethoate
also induced a dose-dependent decrease in the range of day-night temperature osciUation,
which was mostly described by an increase in mean overnight temperature. A reduction
in the range of day-night temperature osciUation and the increase in mean overnight
temperature were correlated to a decrease in brain acetylcholinesterase (AChE) activity.
These two relationships demonstrated that while mortality occurred over a wide range of
AChE inhibition, the birds chances of survival are expected to be drastically reduced if the
range of day-night temperature is decreased by more than 7%, or if the mean overnight
temperature is increased by more than 4%. These results suggest that monitoring of avian
body temperature could be used to efficiently discriminate between different levels of OPs
intoxication and to evaluate risks of mortality.
INTRODUCTION
Qrganosphosphates (OPs) represent a good proportion of all pesticides sold commercially
in industrial countries (Gallo and Lawryk 1991). They are less persistant in the
environment, less harmful and more rapidly metabolized by homeotherms than organic
chlonne pesticides (Eto 1974; Smith 1987; Cairns etal. 1991). Nevertheless non-target
species including mammals, fishes and birds are frequendy injured by OPs (Smith 1987;
Stanley and Fletcher 1981; Mineau et Pealfflll 1987; Greig-Smith et aL 1990). All OPs act
on the metabolism by inhibiting the activity of cholinesterases, leading to an accumulation
of acetylcholine (ACh) in the central and peripheral nervous systems (O'Brien 1967;
Corbett 1974). For this reason, measurements of brain or plasma acetylchoUnesterase
(AChE) activity have been widely used to document the effects of sublethal doses of OPs
on non-target species (review: Mineau 1991). Brain AChE inhibition was found
proportional to the dose of OPs ingested under controlled conditions (Maguu-e and
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Williams 1987; Hahn et d. 1991; Satyadevan et al. 1993). A 50% depression in brain
AChE activity was suggested as a diagnostic of anti-cholinesterase induced death (Ludke
etal. 1975), whereas 20% inhibition was judged sufficient to confmn an exposure to OPs
(TM^etal. 1981).
Although AChE inhibition was proven to be a reliable tool to estimate OPs toxicity in
laboratory experiments, our understanding of OPs toxicity on animals collected in the
field suffers from a lack of consistencies between measurements of AChE, exposure and
survival. AChE inhibition was shown to vary among tissue (Silver 1974), with age
(Westiake et cd. 1983) and the reproductive status of the individual (Hill and Murray
1987), and with the environmental temperature (Rattner 1982; Rattaer and Franson 1984;
Rattner et al. 1987; Maguire and Williams 1987). Moreover, continuous monitoring of
physiological cues after pesddde exposure would provide valuable informations, which
cannot be gained with AChE activity without stressing the individual by regular capture
and blood sampling. Thus other possible candidates must be considered to monitor the
impact of OPs on non-target species in the field.
Circannual and drcadian riiythms are also under the influence of ACh-mediated neuro-
transmissions. Rhythms of activity of three granivorous bird species were dismpted after
they ingested seeds contaminated with dimethoate (Brunet and Cyr 1992). We also noted
changes in the activity level of Red-winged blaclcbirds after ingestion of a sublethal dose
of dimethoate (Bnmet et al. 1996a) or alpha-chloralose, another cholinCTgic inhibitor
(Brunet et al. 1996b). The fact that OPs induce hypothermia in birds (Rattner and
Franson 1984; Brunet et al. 1994) suggests that drcadian cycles of body temperature
could also be affected by OPs. In this study, we investigated the impact of dimethoate on
the circadian cycle of body temperature of European starlings. Their body temperature
was monitored with external telemetry transmitters (Brunet et cd. 1996c) during 24 hrs
before and after mgestion of dimethoate (1/18,1/6 or 1/2 of LDso), at at various ambient
temperatures (-5 to 35 °C). Results suggest that telemetry monitoring of drcadian





A total of 210 European starlings were captured with a canon net and kept in large aviaries
for at least one month before the experiments to allow accUmadzation (Ad Hoc AOU
Committee 1988), but no longer than three months to avoid changes in basal metabolism
and body temperature (Warkentin and West 1990). During this period, they were fed ad
libitwn with cracked corn and mixed seeds commercially prepared for wild birds.
Vitamins and minerals were added to drinking water. Relative humidity was 50 ± 5%,
temperature 15.0 ± 2.0 °C and Uluminadon on a 12:12 LD cycle (400:0 lux).
Experimental procedures
The birds were equiped with an external transmitter (1.8 g, Holohill) fixed with surgical
glue dorsally at the base of the neck, after removing feathers and down (Bnmet et cd.
1996c), then they were transferred to individual cages (0.6 x 0.6 x 0.6 m) within an
experimental chamber. Each cage was equiped with a perch, as well as food and water in
sufficient amount to last the whole experiment. Relative humidity was maintained at 50 ±
5%, illumination on a 12:12 LD cycle (400:0 lux) and ventillation at 1.5 Vmin. Only adult
birds were used because the basal level of brain AChE activity was shown to differ in
younger birds (Gard and Hooper 1993). But since brain AChE activity was shown not to
be sex-related (Yawetz et al 1979; Niethammer and Baskett 1983; Hill and Murray
1987), both males and females were randomly assigned to the cages. Sex was
determined by the length of the feathers on their thorax, according to the criteria
established by Pyle et al. (1987).
Skin surface temperature (Ts) was measured during 24 hrs before the beginning of the
experiment. Then at the onset of the following light phase, the birds were exposed to a
single dose of dimefhoate injected directly into their crop with a canulated syringe. Three
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concentrations of pesticide were tested, 1.76, 5.27 or 15.80 mg/kg, which would corres-
pond to 1/18, 1/6, and 1/2 of the LD5o estimated for European starlings (Schafer et al.
1983). Dilutions were prepared in distilled water with dimefhoate (Cygon 2E®), sold
commercially as a 24.9 % active solution. Radvanyi et al (1986) have demonstrated that
the solvent in which dimethoate is manufactured does not in itself inhibit the activity of
brain AChE. After 24 hrs of Ts monitoring, the birds were sacrificed and their brain
immediately frozen in liquid nitrogen. They were kept at -80 °C until the levels of AChE
activity were assayed according to the technique of EUman et at. (1961) modified by Hill
and Fleming (1982). Each experiment was performed with 9 treated birds, and 8 control
birds that received distilled water instead of dimethoate. The birds Ts was recorded every
10 min and mean values per hour were used in the analyses. The effect of ambient
temperature on the toxicity of dimethoate was tested by performing this experiment at -5,
0, 5, 10, 15, 20, 25, 30 and 35 °C.
Data analysis
Kruskal-Wallis tests were used to detect any effect of ambient temperature on the
characteristics of the circadian cycle of body temperatures of control and treated birds (the
period, the range of day-night Ts, the mean overnight Ts and the dme to reach mmimum
overnight Ts). The effect of the different doses of dimethoate on these parameters were
compared by a Kruskall-Wallis test, followed if necessary by a Mann-Withney U tests for
small sample size. Regression analyses were performed between each parameter and
brain AChE activity (Zar 1984).
RESULTS
European Starlings exhibited well-defmed circadian rhythms of skin temperature (Ts),
with 42.15 - 43.55 °C during the light phase and 39.72 - 42.48 °C during the dark phase.
Figure 1 illustrates how a single dose of dimethoate, administered at the onset of the Ught
phase, affected the birds thermoregulation throughout the cycle. Hypothermia occurred
about 2 hrs after ingestion and lasted 2 to 4 hrs. The remaining of the light phase was
109
spent at slightly higher Ts than on the preceding day, and high Ts persisted several hours
after the lights were turned off. Finally, the dark phase showed large variations in Ts.
We analysed the impact of dimethoate on each parameter of the daily Ts cycle, and at
ambient temperatures ranging between -5 °C and 35 °C.
Pesticide
mjecnon
12 18 24 30
TIME (hi)
Fig. 1. Typical daily cycle of body temperature (°C) of European Starlings recorded
before and after ingesdon of dimethoate. Measurements were expressed as percentage of
the mean body temperature recorded during the Ught phase of the 24-hr period that
preceded the experiment. Pesticide ingestion occurred within the first 10 min of the light
phase on the second day of experiment. Ts measurements were taken every 10 min and
dark periods of the 12: 12 LD cycle are indicated by the black bars on the abcissa.
Ambient temperature (Ta) influenced the time required to reach minimum overnight
temperature (Figure 2). During the second dark phase, control birds required more time
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Fig. 2. Relationship between ambient temperature (°C) and the difference in time
required to reach minimum overnight Ts (°C) recorded the night before and after pesdcide
ingestion. (A) 0 mg/kg, (B) 1.76 mg/kg, (C) 5.27 mg/kg and (D) 15.80 mg/kg
dimethoate. Equations: (A) y = 0.16 - 2.38. R2 = 0.18; F = 15.63, P = 0.0002. (B) y =
0.15x - 2.19. R2 = 0.16; F = 13.39, P == 0.0005. (C) y = 0.064x - 0.86. R2 = 0.02; F =
1.79, P = 0.19. (D) y = 0.09x - 2.77. R2 = 0.04; F = 2.57, P = 0.11.
lower than 15 °C, than during the first dark phase (R2 = 0.18; F = 15.63, P = 0.0002).
Because the birds were kept in aviaries 1-2 months at 15 °C, experiments performed at
higher or lower Ta required for them to acclimatize. Dimethoate however impaired the
capacity of the birds to adjust to the new conditions, since a relationship was only present
when the birds were treated with the lowest dose, corresponding to 1/18 of 050 (R2 =
Ill
0.16; F = 13.39, P = 0.0005). Since Ta did not influence the response of the other
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Fig. 3. Impact of dimethoate on the period of the temperature cycle. Values were
expressed as variability around 24 hrs, measured on the day of treatment Control birds
received water instead of dimethoate. Since the period was not affected by the ambient
temperature, aU data were pooled together. Each bar represents the mean ± SEM (No =
81, Ni.76 = 77, N5.27 = 75, NIS.SO = 72). * P < 0.01.
Dimethoate caused an increase in variability of the period of the temperature cycle from 24
hrs (Figure 3). The period of the control birds was maintained at 24 ± 1 hr after water
ingestion, compared to 24 ± 2 hrs for the birds exposed to the pesdcide, independendy of
the dose ofdimefhoate (1.76 mg/kg: Z = -3.46. P = 0.0005: 5.27 mg/kg: Z = -3.17, P =
0.0015; 15.80 mg/kg: Z = -4.79, P = 0.0001). In contrast, the range of day-night
osciUation in Ts was affected by dimethoate in a dose-dependent manner (Figure 4).
Before pesticide exposure, there was no significant difference among the four groups of
birds, with an average of 2.4 ±1.4 °C. The range of day-night Ts of the control birds
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sUghdy increased the second day, as expected from non-acclimatized birds. In contrast,
dimethoate induced a clearly dose-dependent deCTease in oscillation amplitude (0 -1.76
mg/kg: Z = -3.67. P = 0.0002:0-5.27 mg/kg: Z = -6.56. P = 0.0001: 0-15.80 mg/kg: Z
= 7.55, P = 0.0001; 1.76-5.27 mg/kg: Z = -2.57. P = 0.01: 1.76-15.80 me/kg: Z =
-4.35, P = 0.001; 5.27-15.80 me/ke: Z = -2.34, P = 0.02). Noctumal Ts were
responsible for more than 80% of the reduction in Ts oscilladon amplitude. The mean
overnight Ts of the control Starlings was lower on the second dark phase (Figure 5). In
contrast, dimethoate induced a significant increase in mean overnight Ts, which was not
dose-dependent (1.76 mg/kg: Z = -2.65. P = 0.008: 5.27 mg/kg: Z = -2.77, P = 0.006;
15.80 mg/kg: Z = -2.05, P = 0.004).
4.0^
-6.0
0.00 1.76 5.57 15.80
DOSE OF DIMETHOATE (mg/kg)
Fig. 4. Impact of dimethoate on the difference between the range in day-night Ts
recorded the day after and before pesticide ingestion. Control birds received water
instead of dimethoate. Since values were not affected by the ambient temperature, all data
were pooled together. Each bar represents the mean ± SEM (NO = 81, N1.76 = 77, N5.27
= 75, Ni5.80 = 72). *P< 0.02.
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A linear relationship was established between the range in day-night Ts and brain AChE
activity (Figure 6). The reduction in the range of day-night Ts caused by dimethoate was
correlated to a decrease in brain AChE activity (R2 = 0.21, F = 78.15, P = 0.0001). This
figure also indicates that although mortality occurred over a wide range of percent AChE
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Fig. 5. Difference between the mean overnight Ts measured the day after and before
pesticide ingestion. Control birds received water instead of dimethoate. Since this
parameter was not affected by the ambient temperature, aU data were pooled together.
Each bar represents the mean ± SEM (NO = 81, N1.76 = 77, N5.27 = 75, Nis.80 = 72). *
P < 0.01.
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range of day-night Ts. A similar relationship was established between mean overnight Ts
and brain AChE activity (Figure 7). The lower the brain AChE activity, the higher the
mean overnight Ts.(R2 = 0.32, P = 14.19, P = 0.0001). And again, death occurred over
a wide range of AChE activity, but mortality frequency passed from 10% to 57% when
mean overnight Ts increase passed from 4% to 5%. These two relationships indicate that
parameters of avian temperature could be very efficient to study the chances of survival of
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Fig. 6. Relationship between brain AChE inhibition and the difference in range of day-
night Ts recorded the day after and before pesticide ingestion. AChE activity was
expressed as % relative to the mean activity of all 8 control birds, taken as 100%. y =
0.072x - 7.526. R2 = 0.21; F = 78.15, P = 0.0001. The solid bar indicates that mortality
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Fig. 7. Relationship between the difference m mean overnight Ts recorded the day after
and before pesticide ingestion and brain AChE inhibition. AChE acdvity was expressed
as % relative to the mean activity of all 8 control birds, taken as 100%. Solid bar
indicates the occurrence of death for an increase in mean overnight Ts of more than 4%.
R2 = 0.11; F = 14.18, P = 0.0001.
DISCUSSION
We have demonstrated that dimethoate disrupts the circadian cycle of body temperature of
European starlings. The birds experienced hypothermia few hours after intoxication, as
previously reported for this OP (Brunet et d. 1994; McDuff 1995) and others (Rattaer
and Franson 1984). Variation of the period around 24 hrs increased from ± 1 hr to ±2
hrs with dimethoate, independendy of the dose of dimethoate. In most cases, body
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temperature remained elevated several hours after the lights were turned off. This change
in period suggests that the birds were desynchronized from their environment.
Granivorous bird species experienced changes in the period and distribution of daily
activities as well as a reduction in activity level after feeding on seeds contaminated with
dimethoate (0.24 g/m2 seeds) (Brunet and Cyr 1992).
Dimethoate also caused a dose-dependent reduction in the range of day-night oscillation in
Ts. The mean Ts of the light phase and the dark phase were both affected by the
pesticide. Diumal hypothermia was responsible for a decrease in mean Ts during the light
phase, which was estimated to account for about 20 % of the reduction in Ts day-night
range. The remaining 80% were caused by several modifications of the birds
thermoregulation during the dark phase. First, since the birds Ts remained around daily
values several hours after the lights were turned off, higher Ts values were included in the
calculations of the mean overnight Ts. Second, the night that followed OP intoxication
was characterized by large variations in Ts throughout the night phase, with sudden
increases in Ts close to diumal values. Karczmar (1984) reported that AChE inhibitors
modify the EEC and REM patterns of sleep. Another symptom of OPs intoxication in
birds is diarrhea (Kozar et al. 1976; Gme 1982), which could wake them up frequendy,
and thus induce short-term increases in Ts.
Two relationships were established between brain AChE activity and the birds thermo-
regulation. A reduction in Ts amplitude and an increase in mean overnight Ts were
correlated to a decrease in brain AChE activity. We also report that mortality was encoun-
tered for percent AChE inhibition ranging between 0 and 80%. In contrast, risks of
mortality increased rapidly if the day-night Ts range deaeased by more than 5%, or if the
mean overnight Ts increased by more than 4%. For a mean value of 38 °C, a 4% increase
in Ts represents a rise of 1.5 °C, which is considerable for avian body temperature. If the
birds are not immediately killed by the pesticide, their survival would be expected to
depend largely cm their energy reserves (review: Prinzinger et cd. 1991). The metabolic
cost associated to their frequent rewarming during the night that follows exposure might
become too important for them to recover daytime Ts in the morning, especially for small
birds having low energy reserves
117
Ambient temperature (Ta) was shown to affect differendy the light phase and the dark
phase of the circadian cycle of temperature. Mean diumal Ts of control birds was not
affected by changes in Ta between -5 and 35 °C. In contrast, a single dose of dimethoate
induces diumal hypothennia, which was shown to be more pronounced at colder Ta (Mc-
Duff 1995). Here we report that dimethoate also causes the disappearance of a
relationship between Ta and the time required to reach minimum overnight Ts. Control
birds required less time to reach minimum overnight temperature with decreasing Ta,
probably to save metabolic energy. This relationship remained only significant for the
birds treated with the lowest dose of dimethoate, corresponding to 1/18 of LDso (Schafer
etcd 1983). The time to reach minimum overnight temperature was not affected at 15 °C,
which corresponds to fhe Ta at which the birds were kept in the aviary before the
experiments. Consequendy, the fact that the control birds took more time to reach
minimun overnight Ts on the second night at Ta above 15 °C, and less time at Ta below
15 °C could be explained by the fact that they were not acclimatized.
In conclusion, we have demonstrated that dimethoate modifies several parameters of
circadian rhythms of body temperature. Although this study examined only the first 24
hrs after pesticide ingestion, other studies suggest that circadian rhythms of body
temperature could be affected much longer. For instance, circadian rhythms of activity of
Red-winged blackbirds took at least a week to recover from doses of dimethoate as low as
0.96 mg/kg (Brunet et cd. 1996a). Thus, although visual signs of intoxication such as
lethargy, vomiting and incoordination disappear within 24 hrs ate intoxication to OPs
(Hudson et cd. 1984), circadian rhythms of activity and body temperature suggest that the
physiological impact of OPs takes several days to disappear after pesdcide exposure.
Enzyme assays indicate that birds eliminate OPs within hours (O'Brien and Yamamoto
1970). However, brain AChE activity of several bird species including the European
stalling were shown to take in average 26 days to recover after being depressed by 55%
to 64% with oral doses of dicrotophos (Flemming and Grue 1981). Thus circadian
rhythms could be used as sensitive tools to detect and study OPs intoxication. Among the
known types of circadian rhythms, the diumal cycle of body temperature would be a
practical choice for monitoring the effects of OPs. The range in day-night oscillation m
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Ts and the mean overnight Ts could be used to efficiently discriminate and evaluate risks
OPs exposure.
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INFORMATIONS SUPPLEMENTAIRES
1. La DL5o utilisee id est 31,6 mg/Kg PF pour 1'Etourneau sansonnet (Schafer 1972)
2. Une dose de 31,6 mg/Kg PF represente 31,6 mg de matiere active (dimethoate)
par kilogramme de poids fi'ais. Le fait que la solution commerciale contienne
23.9% de mature active a et6 pris en consideration lors de la preparation des
dosages.
3. Les donnees Ulustr^es a la figure 5 ne presentent pas de relation statistiquement
significative entre la dose (x) et la difference entre la temperature moyenne
noctume entre avant et apr^s 1'intoxication (y). Toutefois, on remarque que plus la
dose est elev6e, plus la difference de temperature moyenne noctume (entre avant et
apr^s Fmtoxication) est elevee. Ici, il est raisonnable de penser que cette tendance
poumdt etre confirmee statistiquement par une augmentadon de F^chantiUonnage.
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CHAPITRE 6
IMPACT DE LA TEMPERATURE AMBIANTE SUR LE
RETABLISSEMENT DE L?ACTIVITE DE L)ACETYLCHOLWESTERASE
CEREBRALE DU VACHER SUITE A UNE EXPOSITION A UN
PESTICroE ORGANOPHOSPHORE
L'inhibition de 1'AChE dans Ie syst^me nerveux central sument dans toutes les regions du
cerveau y compris Ie complexe hypothalamique (Hahn et al. 1991) qui est 1'une des
regions cerebrales ou 1'on retrouve Ie plus de molecules d'OP apr^s une exposition (Litde
et al. 1988). En plus de son role dans la regulation de la temperature corporelle, Ie
complexe hypothalamique est egalement implique dans 1'organisation temporclle de
presque toutes les activites physiologiques joumali^res et circannuelles (Angeli et al. 1987,
Gwinner 1986). Ainsi, 1'ampleur du der^glement de 1'organisation circadienne de la
temperature corporelle induite par une intoxicadon aux OPs (tel qu'etudie dans 1'ardcle
precedent) devrait etre fonction de 1'ampleur de Finhibition de 1'AChE cercbrale.
L'inhibition de PAChE provoquee par un OP est generalement fonction de la dose (Hahn
et al. 1991, Satyadevan et cd. 1993, McDuff 1995). Plus la dose utilisee est forte, plus
Finhibition de FAChE est prononcee et par consequent, plus les parametres
chronobiologiques devraient etre affect6s. Cette relation a et6 observee dans Ie chapitre
precedent.
On retrouve plusieurs evidences dans la litteratuie demontrant que, suite ^ une exposition
aux OPs, 1'hypothermie et/ou l'activit6 de 1'AChE varient en fonction de la temperature
environnementale (McDuff 1995, Maguire et Williams 1987a, Rattner et cd. 1987, Maguire
et Williams 1987b). Cependant, nous avons observe que la relation entre cCTtains
parametres chronobiologiques du cycle de thermoregulation (excluant 1'hypothermie) et la
temperature ambiante etait faible suite a 1'intoxicadon au dimethoate. Le froid augmentant
la toxicite des produits (Maguirc et Williams 1987a, Rattner et cd. 1987), nous aurions du
observer des relations entre la temperature ambiante et les param^tres du rythme de
temperature corporelle. Une des explications nous ramene a la regle du Qio de van't Hoff
(1894) qui soutient que la vitesse de fonctionnement des tissus ou des cellules est
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augmentee ou diminuee de 20-30% pour chaque 1°C d'augmentation ou de diminution de
temperature. Alors, rhypothermie provoquee par 1'OP peut elle-meme affecter Ie
metabolisme, 1'absorption ou 1'excretion de 1'OPet ainsi affecter son propre deroulement.
A cause de cette auto-influence, il devient alors difficile de pr^ctire 1'issue de 1'hypothermie
en terme de perturbadon des rythmes circadiens. II a 6te propose que I'hypothemiie, en
provoquant un ralentissement du metabolisme des OPs, augmente la duree de presence
active du produit et induit des inhibitions plus elevees de 1'AChE cerebrale (Maguire et
Williams 1987a, Meeter et Wolthius 1968). En examinant 1'evolution de 1'inhibition de
FAChE cerebrale en foncdon du temps, nous allons pouvoir verifier en parde cet aspect
La temperature environnementale ayant eu peu d'influence sur les perturbations des
rythmes circadiens reliees a une exposidon au dimethoate (chapitre 5), nous nous
questionnons id sur 1'influence de la temp6'ature ambiante sur 1'inhibition de 1'AChE
c6r6brale.
RESUME
Les organophosphores (OPs) rq)resentent la classe de pesticides la plus utilisee sur les
forets, les fermes et les jardins domestiques. Cependant, plusieurs especes non visees
sont vicdmes d'intoxication aux OPs. Les OPs agissent en inhibant 1'activite de
1'acetylcholinesterase (AChE), ce qui provoque une accumulation d'acetylcholme dans les
syst^mes nerveux pedpherique et central. n a et6 sugg6r6 que les temperatures ambiantes
froides accentuent 1'impact des OPs sur 1'AChE. Dans cette 6tude, nous avons suivi
l'activit6 de 1'AChE cer^rale du vacher (Molothrus ater) pendant 24 heures, a 25 OC,
apr^s 1'ingestion d'une dose sous-letale de dimethoate en echantillonnant des oiseaux
toutes les 2 hrs. L'AChE atteint son niveau Ie plus bas 4 a 6 hrs apr^s 1'exposition, soit en
moyenne 30 % du niveau d'AChE normal. Lorsque cette experience est repetee a 5 °C, Ie
froid n'amplifie pas 1'effet inhibiteur du dim^thoate, mais rallonge la periode necessaire au
retablissement d'une acdvite cholinergique cerebrale normale. D'autre part, en suivant la
temperature corpQrelle des oiseaux a 1'aide d'un emetteur exteme, nous avons demontre
que Ie dimethoate provoque une periode d'hypothermie environ 2 ^ 4 hrs apres
1'exposition, soit avant que 1'AChE n'atteigne son niveau Ie plus bas.
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INTRODUCTION
Organosphosphorus (OPs) represent the major class of broad-spectrum pesticides
currently sprayed on forests, farmlands and gardens (Gallo and Lawryk 1991). Non-
target species including mammals, fishes and birds are frequently injured by OPs (Smith
1987). Their acute effects are attributed to theu- inhibition of cholinesterases, leading to
an accumulation of acetylcholine (ACh) in the central and penpheral nervous systems
(Corbett 1974). Measurements of brain or plasma cholinesterase activity has been widely
used to document the acute toxicity of OPs (review: Mineau 1991).
It is well known that the toxicity of anticholinesterases is influenced by ambient
temperature (Baejter and Smith 1956; Fuhrman and Fuhrman, 1961; Ahdaya et al. 1976).
Maguire and Williams (1987) reported that a cold stress enhances brain
acetylcholinesterase (AChE) inhibition of chlorpyrifos-exposed Northern bobwhites.
Parathion toxidty also increased when Japanese quails (Contoumix japomca ) were
exposed to cold temperatures for a single day (Partner 1982). Brain AChE activity of
European starlings measured 24 hrs after being exposed to dimethoate was more inhibited
at temperatures lower than at 25 °C (McDuff 1995). Hypothermia was also reported as a
consequence of OPs intoxication (McDuff 1995), and was suggested to contribute to
increased toxicity of OPs in cold temperatures (Rattner and Franson 1984). Cold
temperature was suggested to reduce the birds metabolism, thereby retarding
detoxification and incrcasing brain AChE inhibition (Maguire and Williams 1987).
However, other studies reported that brain AChE activity of parathion-treated quails was
no more inhibited (Rattner and Grue 1990) or even less inhibited (Rattner et al., 1987) at
cold ambient temperature. In an attempt to shed more light on the impact of ambient
temperature on OPs toxicity, we monitored during 24 hrs the impact of a single dose of




A total of 192 adult male brown-headed cowbirds {Molothrus ater ) were captured with a
cannon net and kept in an indoor aviary (3m x 5 mx 5 m) for at least one month before
the experiments to allow acclimatization (AOU Committee 1988), but no longer than three
months to avoid changes in basal metabolism and body temperature (Warkendn and West,
1990). During this period, they were fed ad libitum with cracked corn and mixed seeds
commercially prepared for wild birds. Vitamins and minerals were added to drinking
water. Feeding sites were distributed-at different places and heights m the aviary to
minimize competition over resources. Relative humidity was 50 ± 5%, temperature 15.0
± 2.0 °C and muminadon on a 12:12 LD cycle (400:0 lux).
The impact of ambient temperature on dimethoate toxicity was assessed with four groups
of 36 birds: a control group and a treated group exposed to 25 °C, a control group and a
treated group exposed to 5 °C. All birds were equipped with an external thermosensitive
transmitter fixed at the base of the neck on the jugular vein, after removing feathers and
down (Brunet et al. 1996). They were then transferred to individual cages (0.15 x 0.3 x
0.6 m) within an experimental chamber 24 hrs before the experiment Each cage was
equipped with a perch, as well as food and water in sufficient amounts to last the whole
experiment. Relative humidity was maintained at 50 ± 5%, illumination on a 12:12 LD
cycle (400:0 lux) and ventilation at 1.5 Vmin. The experiment started when the birds
received either water or a sublethal dose of dimethoate injected directly into their crop by
gavage with a canulated syringe. The pesticide concentration was 15.80 mg/kg BW,
which corresponds to 1/2 of the LD5Q estimated for European stariings (Schafer et al.
1983). Dilutions were prepared in water with dimethoate (Cygon 2E®) sold
commercially as a 24.9 % active solution. Three birds were sacrificed every 2 hrs during
24 hrs to measure brain AChE activity, according to the technique of HiU and Fleming
(1982)in nmoles/min/g of brain. Nonparametric single factor analysis of variance
(Kruskal WaUis) followed by Mann-Withney tests were earned out to compare brain
AChE activides and body temperatures through time and between ambient temperatures
(Zar, 1984). Analyses were perfonned on the 144 birds that survived until they were
sacrificed for brain AChE assays. Values ofp> 0.05 were considered significant
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RESULTS AND DISCUSSION
Brain AChE activity of the control brown-headed cowbirds did not change significantly
over 24 hrsat 5 °C (H= 12.642 p = 0.32) and 25 °C (H = 13.06, p = 0.29) (Fig. 1A).
Similar results were reported for brain AChE activity of Northern bobwhites (Rattner and
Fairbrother 1991). We also report that mean AChE activity was significandy lower at 25
°C than at 5 °C (Z = -2.46, p = 0.014) (Fig. 2A). Such effect of ambient temperature on
brain AChE activity was also reported for European stariings (McDuff 1995). Figure 1A
also indicates large variations in AChE activity among birds, as reported by Rattner and
Faiibrother (1991) and by McDuff (1995). This probably constitutes the most important
factor of difficulty in using AChE activity to monitor exposure to OPs. For this reason,
an exposure to OPs was considered significant for AChE inhibition > 20% (Ludke et al.
1975).
Dimethoate exposure caused variations in brain AChE activity through times at 5 °C (H =
27.00, p = 0.0046) and 25 °C (H = 19.86 p = 0.047). At both temperatures, the birds
experienced a gradual decrease in AChE activity during the first 6-7 hrs, which was
followed by a recovery period that lasted at least 18 hrs (Fig. 1B). Mean brain AChE
activity computed over the last 8 hrs of the experiment was significantty lower at 5 °C than
at 25 °C (Mann-Withney test, Z = -2.46, p = 0.014) (Fig. 2B). Similar results were
obtained at 10% and 90% relative humidity (data not shown). The skin-feather air layer
might have isolated the birds from the cooling effect of humidity. Maguire and Williams
(1987) also reported that brain AChE activity of Northern bobwhites was more inhibited
at cold temperatures. Brain AChE activity of European stariings measured 24 hrs after
being exposed to dimethoate was more inhibited at low temperatures than at 25 °C
(McDuff 1995). These results suggest that cold stress enhances brain AChE inhibition
induced by OPs. However, continuous monitoring of AChE activity indicates that the
initial decrease in AChE activity was not affected by ambient temperature, but that the
birds exposed to 5 °C recovered more slowly than those at 25 °C (Fig. 1B). Therefore,




























































Figure 1. Impact of ambient temperature on daily variations in brain AChE activity of control
brown-headed cowbirds (A) and birds exposed to dimethoate (B). Each symbol represents a
single measurement. AChE activity of birds exposed to dimethoate was expressed in percent
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Figure 3. Daily cycle of body temperature of brown-headed cowbirds
exposed to dimethoate at ambient temperatures of 25 °C and 5 °C. Values
represent mean (± SD) temperature recorded every 10 min for all birds.
Values of N above the figure indicates that the sample size decreased through
time as three birds were sacrificed ever^ hrs.
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The brown-headed cowbirds displayed a typical circadian cycle of body temperature, with
a day-night range of 2.5 °C and a period of 24 ± 1 hrs at an ambient temperature of 25 °C
(data not shown). Figure 3 illustrates the effect of pesticide exposure on the birds
temperature cycle at 5 °C and 25 °C. At both temperatures, the birds experienced hypo-
thermia 2 to 6 hrs after pesticide ingestion. Methyl parathion also induced hypothermia in
American kestrels (Falco sparverius ) (Rattner and Franson 1984). We also report that
mean body temperature, computed between 2:00 and 6:00, was significantly lower under
cold stress (U = 16.13, p = 0.0012). This relationship between OPs-induced
hypothermia and ambient temperature was also reported for European starlings (McDuff
1995). Close comparison of the patterns of already restored normal body temperature
when brain AChE activity was at its lowest level. Other studies have demonstrated that
there does not appear to be a relationship between the degree of hypothermia and
inhibition of brain AChE activity (Ahdaya et al. 1976; Rattner and Franson, 1984). The
asynchrony between hypofhermia and AChE inhibition could explain this lack of
relationship. Dimethoate could be exerting hypothermic effects by acting at a specific
region within the hypothalamus that would not be reflected as inhibition of whole brain
AChE, or it could be acting penpherally.
In conclusion, we have demonstrated that, under these conditions, cold temperature does
not increase brain AChE inhibition, but rather slows down the rate of recovery. We also
provide evidence that cold temperature aggravates but does not prolong hypothermia.
These results suggest that death occurring few hours after an exposure to an OPs,
especially at cold ambient temperature.The death could be a consequence ofunmanageable
hypothermia. Whereas those encountered more than 8 hrs later could arise from a variety
of symptoms associated with prolonged ACh accumulation in the nervous systems,
including muscle incoordination and dehydration.
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INFORMATIONS SUPPLEMENTAmES
1. Une dose de 31,6 mg/Kg PF represente 31,6 mg de mati^re acdve (dimefhoate)
par kUogramme de poids frais. Le fait que la solution commerdale contienne
23.9% de matierc active a et6 pris en consideration lors de la preparation des
dosages.
2. L'injection du dimethoate par gavage a eu lieu au cours des 10 premieres minutes
suivant 1'ouverture des lumieres (done au debut de la phase de lumi^re). Le
moment du gavage represente Ie temps 0 de 1'experimentation.
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CHAPITRE 7
EFFETS DU DIMETHOATE SUR LES RYTHMES CIRCADIENS DE
TEMPERATURE CORPORELLE ET D?ACTIVITE DU PIGEON
(COLUMBA LI VIA) EN FONCTION DU TEMPS
Au chapitre pr6c6dent nous avons constate que la recuperation de 1'AChE cer^brale est
modifiee en fonction de la temperature ambiante. Cette modificadon nous amene a
considerer que Fimpact de la temperature ambiante sur 1'AChE cerebrale n'est pas une
relation directe mais plutot une influence mdirecte qui fait en sorte que les symptomes de
1'intoxication se font sentir plus ou moins longtemps et ce, dependamment de la
temperature environnementale. Jusqu'^ present, nous avons mesure les effets a court
terme du dimethoate sur les parametres du rythme drcadien de temperature. Cependant,
les etudes que nous avons effectuees sur Ie taux d'acdvit6 des granivores (chapitre 2)
sugg^rent que les effets du pesticide se prolongent sur plus d'une semaine. Dans Ie but
d'explorer cette possibilite, nous avons ici mesur6 simultanement les effets a long terme
du dimethoate sur les rythmes d'activity et de temperature corporelle chez Ie Pigeon biset
L'hypoth^se de travail est qu'une seule exposition au dimethoate engendrc des
modifications a long terme dans les rythmes d'activit6 et de temperature corporclle qui
sont encore observables apr^s plusieurs jours. Ces mesures simultanees devraient nous
permettrc de comparer les r6sultats des deux techniques afm de faire ressortir les
avantages et les points faibles de chacune. De plus, les resultats pr6sentes ici nous
am^nent ^ constater 1'utility et l'efficacit6 des rythmes en tant qu'oudls pour tracer les
differences entre les animaux qui vont survivre et ceux qui vont mourir.
RESUME
Le dimethoate est un insecdcide de la classe des organophosphores couramment utilise en
mUieu agricole ou forcsder ainsi que dans les potagers. Dans cette etude nous d^crivons
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1'effet a long terme du dimethoate sur les rythmes circadiens de temperature corporelle et
d'activite chez Ie Pigeon Biset {Colwnba livia). Le dunethoate (15,8 mg/k) a induit une
augmentation de la variabilite de la penode tant pour Ie cycle de thermorcguladon que Ie
cycle d'activite. Les periodes sont passees de 24 ± 1 hr a 24 ±2 hrs. De plus, Ie temps
requis pour atteindre la temperature minimale noctume a augmente, passant de 2.8 ± 1.5
hrs a 6.5 ± 2.7 hrs. Le niveau d'activite diume a ete reduit de plus de 60% et Ie niveau
d'activite noctume est devenu irregulier suite a 1'exposition au produit. La temperature
corporclle diume n'a pas ete affectee alors que la temperature corporelle noctume est
devenue irreguli^re et a grimpe de 1.5°C. Les sympt6mes ont persiste pendant au moins
10 jours puis se sent dissipes au cours des 5 jours suivants. Vingt jours apres
1'intoxication, seuls la temperature corporeUe noctume ainsi que Ie niveau d'activite
noctume demeuraient encore beaucoup plus variables que chez les temoins. Les mortalites
survenues ont ete associees a 1'incapacite de retrouver des param^tres drcadiens normaux,
notamment par la persistance de la variabilite de la periode et du temps rcquis pour
atteindre la temperature minimale noctume. Ces resultats d6montrent que Ie suivi a long
terme des rythmes circadiens de la temperature corporelle et du niveau d'activite s'avere
efficace pour recueiUir des informations complementaires sur 1'impact des
organophosphores et que ces informations peuvent ^trc utilisees pour evaluer les chances
de survie des esp^ces non visees.
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Dimethoate is an organophosphorus pestidde currently sprayed on farmlands, forests and
gardens. In this study, we describe the long-term effects of dimethoate on the circadian
cycles of body temperature and activity level of rock dove {Colwnba livia). The pesticide
induced an inCTease in variability of the periods of both cycles from 24 ± 1 hrs to 24 ±2
hrs, and in the time to reach minimum overnight body temperature from 2.8 ± 1.5 hrs to
6.5 ± 2.7 hrs. Diumal activity level was reduced by more than 60%, and noctumal activity
level became irregular. Diumal body temperature was not affected, whUe noctumal body
temperature was increased by 1.5 °C and became highly variable. Most symptoms
persisted at least 10 days, then the birds entered a recovery period of at least 5 days. Only
noctumal body temperature and activity level were still highly variable 20 days after
pesticide exposure. Mortality was associated with a failure to recover normal rhythmic
parameters, namely variability in the period and in the time to reach minimum overnight
body temperature, mean diumal activity level and mean noctumal body temperature. These
results show that long-term monitoring of circadian cycles of body temperature and
activity level provides complementary informations on the impact of OPs on non-target
species, and can be used to assess the birds' chances of survival.
INTRODUCTION
Organosphosphoms pesticides (OPs) represent a good proportion of all pesticides sold
commercially in industrial countries (GaUo and Lawryk, 1991). However, non-target
species including mammals, fishes and birds are frequently injured by OPs (Smith, 1987;
Stanley and Fletoher, 1981; Mineau and Peakall, 1987; Greig-Smith et al., 1990). These
pesdcides inhibit acetylcholinesterase (AChE) activities, which results in an accumulation
of acetylcholine (ACh) in the central and peripheral nervous systems (O'Brien, 1967;
Corbett, 1974). For this reason, measurements of brain or plasma AChE inhibition have
been widely used to document the effects of sublethal doses of OPs on non-target species
(review: Mineau, 1991). A 20% inhibition was judged sufficient to confirm an exposure
toOPs(Zinkletal.,1981).
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Sublethal doses of OPs induce a profound depressive state that can have a direct bearing
on the survival of an individual (Bignami et al., 1975). Granivorous birds reduced their
activity level by at least 75% on the day they ingested dimethoate bran baits (5.5 mg/kg
BW) (Brunet and Cyr, 1992). Dimethoate given orally to red-winged blackbirds
(Agelcdus phoeniceus) also caused a 70% decrease m activity level {>. 1.34 mg/kg BW)
(Brunet et al., 1996a). The period of the drcadian cycle of activity level was also reported
to fluctuate further away from 24 hrs after birds were exposed to dimethoate (Bnmet and
Cyr, 1992). The impact of dimethoate on birds activities was shown to persist at least a
week after behavioral symptoms had disappeared (Brunet et al., 1996a). These results
suggest that circadian rhythms of activity level could constitute a very sensitive tool to
study the long-term effects of OPs.
Acute exposure to OPs also affects the birds circadian rhythms of thermoregulation. Field
monitoring of body temperature of American robin {Turdus migratorius) indicated a drop
in body temperature 2 to 4 hrs after exposure to dimethoate (Brunet et al., 1994). Other
OPs such as methyl parathion also induce hypothermia m birds (Rattner and Franson,
1984). We rccentiy demonstrated that dimethoate affects other parameters of the
temperature cycle, including the period and the range in day-night temperature (Brunet et
al., 1996b). However, these studies were not designed to provide informations on the
rate of recovery of normal thennoregulation.
In this work, we investigated the long-term effects of an acute dose of dimethoate on the
circadian cycles of activity and body temperature of rock doves in captivity. Results
indicate that these two drcadian cycles are affected differendy by the pesticides, and thus




A total of 30 adult rock doves were captured with a canon net and kept in large avianes for
at least one month before the experiments to allow accUmadzation (Ad Hoc AOU
Committee, 1988), but no longer than three months to avoid changes in basal metabolism
and body temperature (Warkentin and West, 1990). During this period, they were fed ad
libitum with cracked corn and mixed seeds commercially prq)ared for wUd birds.
Vitamins and minerals were added to drinking water. Relative humidity was 50 ± 5%,
temperature 15.0 ± 2.0 °C and illumination on a 12: 12 LD cycle (400:0 lux).
Experimental procedures
Each bird was equiped with a radio telemetry thermosensitive transmitter (1.8 g, Holohill)
fixed with surgical glue at the base of the neck (Brunet et al., 1996c) and then transferred
to individual cages (1.0 x 1.0 x 1.0 m) within an experimental chamber. Each cage was
equiped with a perch, as well as food and water in sufficient amount to last the whole
experiment The birds activides were recorded by infrared detectors positioned close to
the perch, the feeding site, and at the bottom of the cage. All experiments were performed
at 20 ± 0.5 °C, reladve humidity at 50 ± 5%, iUumination on a 12:12 LD cycle (400:0 lux)
and ventilation at 1.5 Vmin.
Body temperature and activity level of 10 birds were monitored simultaneously during 30
days. At the onset of day 11, they received 15.80 mg dimethoate/kg BW. Cygon 2E was
purchased as a solution containing 24.9 % dimethoate dissolved in Cyclo-Sol 63
(American Cyanamid Co.). Radvanyi et al. (1986) have demonstrated that the solvent in
which dimethoate is manufactured does not in itself inhibit the activity of brain AChE.
After DUutions were prepared in 0.2 ml distilled water and given directly into the birds'
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crop with a syringe connected to a canula. The bu'ds' body weight was recorded on days
1, 10 and 30.
The impact of the dose of dimethoate on AChE activity was tested with two groups of 10
birds. One group received the pesticide on day 11 (treated group) and the other received
distilled water (control group). Then all birds were sacrificed 24 hrs later to measure brain
AChE activity. The brains were immediately frozen in liquid nitrogen and kept at -80 °C
until AChE activity was assayed according to the technique of EUman et al. (1961)
modified by Hill and Fleming (1982). Mean brain AChE activity recorded after pesticide
exposure was expressed in percent of mean AChE activity of the control birds.
Data analysis
The effect of the different doses of dimethoate on circadian parameters of body
temperature and activity level were compared by a Mann-Withney U or a Wilcoxon.
Regression analyses were performed for each parameter through time (Zar, 1984). The
period was calculated by autocorrelation analyses at different lag times using a computer
program.
RESULTS
Rock doves displayed several signs of intoxication after they ingested an oral dose of
15.80 mg dimethoate/kg BW. They experienced muscle mcoordination, diarrhea and
lethargy during several hours. Brain AChE activity measured 24 hrs after exposure was
inhibited by 62.1 ± 11.7%. Mean body weight of the 10 rock doves monitored for
circadian parameters did not change significantly through time before exposure, with mean
values of 355.6 ± 11.7 g and 352.7 ± 11.5 g measured on day 1 and 10, respectively
(Figure 1). In contrast, the birds lost at least 15% of theu- body weight over 20 days after
they received the pesticide (Z=-6. 15 p < 0.001). We also report that three birds died, on
days 25,27 and 29, respectively. Figure 1 shows that these birds lost significantly more
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weight 27% (Z=-7.45 p < 0.001) before they died than those that survived to the pesticide
(Ztr-m=-2.45 p < 0.05).
Figure 2 shows typical examples ofcircadian cycles of body temperature and activity level
recorded two days before and after dimethoate exposure. The two cycles were affected by
the pesticide. Dimethoate caused an increase in variability of the period of both cycles
from 24 hrs, and in the time to reach minimum overnight body temperature after the lights
were turned off. During the light phase, the birds activity level was drasticaUy reduced,
while body temperature was not notably modified. During the dark phase, activity level
was not affected, while body temperature was inCTeased and became highly variable. We
examined the long-term impact of dimethoate on each of these parameters over 20 days
after pesticide exposure.
Desynchronization of the birds from the 12:12 LD light cycle was analysed using two
different parameters: the pedod of the circadian rhythms and the dme to reach minimum
overnight body temperature. First, dimethoate increased the variability around 24 hrs of
the period of the body temperature cycle (Figure 3A). Before exposure, 80% of the
periods were within the 23-25 hr range, for an average variability of 0.7 ± 0.5 hrs.
During the first 10 days after they ingested the pesticide, 32% of the periods of the birds
that survived were within that range, compared to 20% for the three birds that died before
the end of the experiment. Survivors showed partial recovery during the last 10 days of
experiment, with 53% of their periods within the 23-25 hr range. A linear decrease in
period variability was observed during the last 20 days (R2 = 0.31, p < 0.05). Such
relationship was not detected for the periods of the birds that died. These birds maintained
a mean period variability of 1.9 ± 0.9 hrs (Z = -2.22, p < 0.05).
The period of the cycle of activity level responded similarly to the pesticide (Figure 3B).
During the first 10 days of experiment, 60% of the periods were in the 23-25 hr range,
which corresponded to an average variability of 0.9 ± 0.6 hrs. During the first 10 days
after exposure, this value had decreased to 36% for all 10 birds. The survivors showed
signs of recovery during the last 10 days, with 67% of the periods in the 23-25 hr range.
A linear reduction in period variability was detected over the last 20 days for the birds that
144
survived (R2 = 0.562, p < 0.001), but not for the birds that died. These birds maintained
a period variability significandy higher than expressed before pesticide exposure, with an
average value of 1.6 ± 1.0 hr (Z = -2.34, p < 0.025).
Long-term monitoring of the dme to reach minimum overnight body temperature indicated
that the birds responded by an increased variability from one day to the next (Figure 4A).
Mean variability increased from 2.8 ± 1.5 hrs before exposure to 6.5 ± 2.7 hrs during the
first 10 days after treatment (Z=-2.54 p < 0.025). The survivors gradually recovered over
20 days (R2 = 0.27, p < 0.001), but not the birds that eventually died. Mean variability
calculated over the last 20 days for these three birds was 8.2 ± 3.2 hrs (Z=-2.496 p <
0.025).
The dme to reach minimum overnight activity level reacted differendy to the pesticide
(Figure 4B). Mean variability through time was not significantly modified after exposure
for the three birds that died before the end of the experiment, with 0.75 ± 0.88 hrs and
87.00 ± 0.75 hrs, respectively. In contrast, the survivors reacted to the pesticide by
showing less variability than the other two groups, with a mean value of 0.47 ± 0.65 hrs
(Ztr-m =2.98 p<0,005; Ztr-c =2.541 p<0,025). They showed no sign of recovery before
the end of the experiment
During the light phase, body temperature was not affected significandy by an exposure to
dimethoate (Figure 5A). Average values were 40.9 ± 0.8 °C for the 10 birds before
exposure, 41.5 ± 0.9 °C for the birds that died before the end of experiment, and 41.0 ±
0.8 °C for those that survived. In contrast, the birds activity level was markedly reduced
within hours after they ingested the pesdcide (Figure 5B). Mean diumal activity level
decreased from 8.23 ± 1.61 hrs to 4.87 ± 2.53 hrs during the first 10 days after exposure
(Z=-3.674 p < 0.001). The activity level of the survivors gradually returned to normal
(R2= 0.81, p < 0.001) during the last 10 days, while the birds that eventually died




























Figure 2. Typical daily cycles of body temperature (t) and activity level ( a) of a rock
dove recorded before (A: day 8) and after (B: day 13) ingestion of a single dose of
dimethoate. Values were expressed as percentage of mean body temperature or mean
activity level recorded during the light phase of the 24-hr period on day 8. The dark






Figure 3. Long-term effect of dimethoate on the variability of the period of the circadian
cycle of (A) body temperature and (B) activity level around 24 hrs. Values were
expressed as the mean difference from 24 hrs for all 10 birds on days 1 to 10 (a), for the
seven birds that survived to the pesticide exposure on day !!(•), and for the three birds
that died on days 25, 27 and 29 ( A ).. Equations: (A ) y = 2.80 - 6.34x; R2 = 0.31; F =


















































Figure 4. Long-term effect of dimethoate on the variability m time to reach minimum
overnight (A) body temperature and (B) activity level. Values were expressed as mean
difference in dme to reach minimum overnight temperature from the preceding night in
absolute values, for all 10 birds on days 1 to 10 (a), for the seven birds that survived to
the pesticide exposure on day 11 (• ), and for the three birds that died on days 25, 27
and 29 ( A ^.Equations (A: ) y = 9.62 - 0.26x. R2 = 0.27; F = 23.97, P < 0.001.
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During the dark phase, body temperature of all 10 birds increased from an average of 38.7
± 0.7 °C to 40.0 ± 0.5 °C over the first 10 days after exposure (Figure 6A). All birds
gradually decreased their body temperature during the last 10 days. The birds that
survived tended to recover normal body temperature (R2=0.44 p < 0.001), whUe the three
other birds cooled down below 38 °C before they died (R2=0.59, p < 0.001). Noctumal
activity level was not affected by the pesticide, and no significant relationship was
established through time (Figure 6B). Average values were 50.9 ± 20.6 min for the
control group, 49.0 ± 19.7 min for the birds that died during the experiments and 46.8 ±
17.6 min for the survivors.
Dimethoate exposure was also characterized by an instability in noctumal body
temperature (Figure 7A). Mean daily variation in body temperature among birds increased
from 0.6 ± 0.3 °C before exposure to 2.3 ± 0.5 °C and 2.5 ± 0.5 °C for the birds that died
and those that survived, respectively (Zc-m =-3.76 p<0.005, Zc-tr-3.703 p<0.001).
Noctumal activity level was affected similarly by the pesdcide (Figure 7B). Mean daily
variation in activity level among birds increased from 28.4 ± 9.7 min before exposure to
40.0 ± 14.8 min and 42.9 ± 15.7 min for the birds that died and those that survived,
respectively (Zc-m =-2.075 p<0.05, Zc-tr=-2.118 p<0.05). These two parameters
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Figure 5. Long-term impact of dimethoate on mean diumal (A) body temperature and
(B) activity level. Symbols designate values for the 10 birds on days 1 to 10 (a ), for the
seven birds that survived to pesticide exposure on day 11 (• ), and for the three birds that
died on days 25,27 and 29 ( A ). Equation: (B ) y = -0.00001757+42247x-3428.2x2
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Figure. 6. Long-term impact of dimethoate on mean overnight (A) body temperature
and (B) activity level. Symbols designate values for the 10 birds on days 1 to 10 (a ), for
the seven birds that survived to pesticide exposure on day 11 (• ), and for the three birds
that died on days 25, 27 and 29 (A). Equations: (A: )y=41.65 - O.llx; R2 = 0.44; F
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Figure 7. Long-term impact of dimethoate on the variation in (A) noctumal body
temperature and (B) activity level. Values represent the standard deviation from daily
average body temperature for all 10 birds on days 1 to 10 (a), for the seven birds that
survived to the pesticide exposure on day 11 ( • ), and for the three birds that died on




We have demonstrated that dimethoate leads to several modifications in the circadian
cycles of body temperature and activity level of rock doves. The dose of dimethoate used
in this study, 15.8 mg/kg BW, yielded a 62% inhibition of brain AChE activity measured
after 24 hrs, and a 15% decrease in body weight after 20 days. Severe weight loss in
birds is not unusual following an exposure to ChE inhibitors (Grue, 1982; Gme and
Shipley, 1984). European starlings experienced a 14% decrease in body weight and a 55-
77% inhibition of brain AChE activity only 24 hrs after a single exposure to dicrotophos
(Grue and Shipley, 1984). Hart (1991) reported that brain AChE inhibitions above 27%
were associated to a decrease in feeding activity, which could be partly responsible for
their reduction in body weight.
Dimefhoate desynchronized the circadian rhythms of the rock doves from the 24-hour
cycle imposed in captivity. Before pesticide exposure, 80% of the periods of the
temperature cycle, and 60% of the periods of the activity cycle, were between 23 and 25
hrs. During the first 10 days after pesticide exposure, less than a third of the periods of
both cycles were within that range. The birds gradually recovered their synchrony with
the zeitgeber over the next 10 days. These results confirm our recent fmdings that
dimethoate desynchronized the penod of the temperature cycle of European starlings from
the 24-hour cycle on the day of exposure (Brunet et al., 1996b). Dimethoate provided as
baits affected the period of activity of three granivorous birds species, song sparrows
(Melospiza melodid), savannah sparrows (Passerculus sandwichensis) and american
goldfinches (Carduelis tristis), kept in continuous dim light (Brunet and Cyr, 1992).
Under these conditions, many birds became aperiodic, and the symptoms persisted 6 to 15
days. In the present study, the fact that none of the rock doves lost periodicity might be
explained by the influence of the 24-hour light cycle on their rhythms.
The circadian cycles of activity and temperature responded differently to dimethoate during
the light and the dark phase. During the light phase, the birds body temperature was not
affected by the pesdcide. In contrast, diumal activity level was reduced by about 60%.
Acute doses of OPs have been shown to suppress the activities of other birds and
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mammals (Shaker et al., 1988; Bignami et aL, 1975; Gme and Shipley, 1981). For
instance, gramvorous birds experienced a 60-75% reduction in activity level during 15
days after they ingested about 5.5 mg/kg BW of dimethoate (Brunet and Cyr, 1992).
During the dark phase, the bird's average noctumal activity level was not affected by the
pesticide. Yet, variability in the time to reach minimum overnight body temperature
increased from 2.8 to 6.5 hrs, minimum overnight body temperature was raised by 1.5 °C,
and they experienced increased variability m activity level and body temperature.
Karczmar (1984) reported that AChE inhibitors modify the EEG and REM patterns of
sleep. Moreover, OPs intoxication in birds has been associated to diarrhea (Kozar et al.,
1976; Grue, 1982), which could also wake them up frequently, and thus induce short-
term increases in body temperature and activity level. All these modifications of the
noctumal body temperature by dimethoate were ah-eady in play during the first night that
followed exposure, as reported previously (Brunet et al., 1996b). Most parameters were
affected during about 10 days, and slowly recovered normal values within the following
10 days.
Mortality could be related to a lack of recovery of normal rhythmic parameters. Three
birds died before the end of the experiment, on days 25, 27 and 29, respectively.
Although their level of brain AChE inhibition was similar to those of the birds that
survived, they experienced more severe weight loss. We decided to analyse their rhythmic
parameters separately firom the survivors in an attempt to shed more light on the causes of
mortality associated to an andcholinesterase pesticide. Although they reacted like the other
birds during the first 10 days after exposure, they showed no sign of recovery of normal
period of body temperature and activity level before they died. During the light phase,
their activity level remained about 60% lower than before exposure. During the dark
phase, they experienced a similar maease in body temperature, but their body temperature
decreased rapidly below 38 °C during the recovery period. They also maintained a high
variability in the time to reach minimum overnight body temperature of more than 8 hrs
over the 20 days that followed dimethoate exposure. In a recent study, we compared the
impact of dimethoate on the circadian cycle of body temperature and on brain AChE
inhibition of European starlings (Stumus vulgaris) measured during 24 hrs after expsoure
(Bmnet et al., 1996b). While mortality occurred over a wide range of AChE inhibition,
the birds chances of survival were drastically reduced when mean overnight body
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temperature was increased by more than 4%. For a mean value of 38 °C, a 4% increase in
body temperature represents a rise of 1.5 °C, which is considerable for avian body
temperature (review: Prinzinger et al., 1991). If the birds are not immediately killed by the
pesticide, their survival would be expected to depend largely on their energy reserves. An
impaired ability to find food during the day, combined to the metabolic cost of maintaining
wanner body temperatures during the night, might become critical, if not fatal, should the
physiological effects remain for several days. Under such conditions, birds would also be
more vuhierable to predators.
We have shown that the circadian cycles of activity and temperature of rock doves were
affected during ^t least two weeks. Although enzyme assays indicate that the birds excrete
OPs within hours (O'Brien and Yamamoto, 1970), the slow recovery in circadian rhythms
does not necessarily parallel the gradual disappearance of dimethoate in the bloodstream.
In fact, the activity level of rodents (Bignami et al., 1975) and birds (Bakre and
Rajasekaran, 1989) was shown to be proportional to brain AChE activity. And brain
cholinesterase (ChE) activities of mallard ducks, bobwhite quails, barn owls, stariings and
common grackles were shown to require in average 26 days to recover after being
depressed by 55-64% with oral doses of dicrotophos (Flemming and Grue, 1981).
Therefore, circadian rhythms could be used as an indirect measurement of the impact of
OPs on brain AChE activity.
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1. Au total, 30 oiseaux ont et6 utilises: 10 pour etablir Ie niveau d'activite de base de
FAChE c6r6brale (temoins), 10 pour mesurer 1'mhibition de 1'AChE cerebrale et
10 pour Ie suivi des cycles de temperature corporclle et d'activite.
2. L'ensemble des regressions du chapitrc 7 ont ete rcalisees a partir des donnees
brutes, toutefois, pour augmenter la clart6 des figures, seules les moyennes ont et6
illustrees. Les equations des droites de regression et les coefficients de
determination (R2) correspondent aux regression effectu^es sur Fensemble des
donnees.
Lorsque que 1'on calcule Ie pourcentage d'inhibition c'est toujours par rapport au
groupe de temoins; la valeur moyenne de Pactivite de 1'AChE des temoins (en
Umoles/mm/g de poids frais de cerveau) devient la valeur de r6f6rence (100%
d'acdvit6 de 1'AChE) a partir de laquelle on calcule un niveau d'acdvit6 (en %)
pour chaque individu traite (r^gle de 3), Ce niveau d'activit6 est soustrait de 100%,
ce qui nous donne Ie pourcentage d'inhibition de 1'AChE par rapport aux temoins.
On peut alors calculer, pour un groupe (Tindividus ayant re^u un meme traitement,
une moyenne d'inhibition de 1'AChE et son ecart-type.
4. Les droites de regression illustrees aux figures 3^7 sont utilisees ici pour
demontrer et reprcsenter Ie type de relation qui existe entre x et y. Dans les cas ou
la regression est significative, 1'equation de la droite est definie au bas de la figure.
Dans Ie cas ou la regression n'est pas significative, une droite de paite nulle est
dessinee pour repr^senter la moyenne du groupe. Une population de donnees dont
la regression est significative (i.e. dont il existe une relation significadve entre x et
y) est ntessairement difftoite d'une population ou il n'existe pas de relation
significadve entre x et y (i.e. regression non-significative). Les moyennes de ces
demieres populations de donnees ont 6te comparees entre elles par un test de
Mann-Withney U ou de Wilcoxon.
160
5. Dans cette publication, 1'emploi du terme desynchronisadon sous-entend une
fluctuation autour d'une valeur consideree comme la norme plutot qu'un manque
d'entratnement. Le terme dephasage serait plus approprie.
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CONCLUSION
L/objectif general de cette these est de mettre en evidence Ie potentiel des rythmes
circadiens comme nouvel outil de suivi et de detection des impacts provoques par les
OPs. L'ensemble des travaux presentes ici illustre clairement Ie potentiel des rythmes
circadiens pour la detection d'une exposition aux agents antichoUnergiques, et pour Ie
suivi a long terme des effets des pesdcides organophosphores sur 1'etat de sante general
des especes non visees en capdvite ou possiblement en milieu naturel.
Au premier chapitre, nous avons mis en evidence pour la premiere fois 1'impact d'un
agent antichoUnergique sur les rythmes circadiens d'activite des oiseaux. De plus, cette
etude demontrc qu'un melange d'agents anesthesiants, 1'alpha-chloralose et Ie
secobarbital, perturbent les rythmes pendant plus d'une semaine apres que les oiseaux
aient repris connaissance. Par consequent, nous proposons qu'il faudrait allouer aux
oiseaux une periode minimale de deux semaines pour eliminer les effets de 1'anesthesiant
utilise pour leur capture, avant de tester les effets d'un autre produit en laboratoire. Ces
resultats renforcent done 1'importance de suivre les directives du comite Ad Hoc de 1'AOU
(1988), concemant la gestion des animaux captures pour des experiences en laboratoire.
Ces directives recommandent de placer en quarantaine pendant un minimum d'un mois les
oiseaux sauvages avant de les udliser pour les experimentations. Ceci reduit les risques de
prise de donn^es 6rronees durant les experiences.
Jusqu'a present, les effets des OPs, autres agents andcholinergiques, avaient ete rapportes
sur les rythmes de d6veloppement des gonades (Earnest et Turek 1983) et sur Ie
dephasage des rythmes de memorisation par rapport a Fhorloge inteme (Meek 1983).
Raslear et Kaufman (1983) avaient rapporte des effets des OPs sur les ryfhmes d'activite
des rats. Ainsi se limitaient les etudes des OPs sur les rythmes. De plus, elles avaient
toutes ete effectives sur des mammifercs. Au second chapitre, nous avons demontre a
notre tour que les pesticides OPs, modifient les rythmes circadiens d'activit6 chez des
oiseaux. Ceci consdtue un avancement interessant etant donne que les oiseaux font parde
des esp^ces les plus touchees parmi les esp^ces non visees par les OPs (Brealey et al.
1980, Westlake etal. 1983). L'absence ou Ie faible niveau en A-esterases dans Ie plasma
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sanguin des oiseaux (Mackness et al. 1988, Brealey et al. 1980) semble ^tre Ie facteur
majeur qui explique cette graride sensibilite aux OPs (Brealey et al. 1980, Machin et al.
1975, Westlake et at 1983, Walker et Mackness 1987). L/ingestion d'une dose de
dim^thoate reduit Ie taux d'activite des oiseaux et perturbe la distnbudon joumali^re de
1'activite. Nous confirmons aussi que les OPs affectent 1'etat general des oiseaux pendant
plus cTune semaine, comme dans Ie cas des anesthesiants anticholinergiques. Par
consequent, les rythmes circadiens d'acdvite peuvent constituer un outil extremement
sensible pour la detection et Ie suivi des effets des pesticides organophosphores.
Au chapitre 3, nous avons approfondi nos connaissances sur les comportements relies a
une intoxication subletale a un OP. En udlisant une gamme tir^s large de doses, nous
avons etabli 1'ordre d'apparidon des differents symptomes dans Ie temps suivant
Fexposition. Cette 6tude nous a aussi permis de constater que les symptomes
disparaissent dans les premieres 24 heures apres 1'exposition, ce qui pose un probleme
majeur pour les etudes sur Ie terrain. En effet, les comportements relies a une exposition
aux OPs etant de courte duree, Us sont done difficiles a observer en milieu naturel. Ce
chapitre d6crit aussi les effets du dim6thoate sur Ie taux d'acdvit6 du Carouge a epaulettes.
Au chapitre precedent, nous avions demontre qu'une dose subletale de dimethoate cause
une diminution du taux d'activite chez plusieurs esp^ces d'oiseaux granivores. Nous
avons approfondi ce point en testant differentes doses de dimethoate. Nous avons constate
que Ie dimethoate induit une augmentation du taux d'acdvite a de faibles doses, et une
diminution du taux d'acdvite a des doses plus elevees. Par consequent, nous proposons
que 1'impact des OPs sur 1'acdvite des oiseaux soit discut6 en terme de modificadons et
non pas en terme de reduction. Finalement, 1'onginalite de ce travail repose sur Ie fait que,
pour la premiere fois, Ie comportement et Ie taux d'acdvit^ sont etudi^s simultanement, et
^ differcntes doses de dimethoate, ce qui apporte de nouveUes connaissances sur les effets
a long terme des expositions subletales.
Nous avons clairement demontr6 la sensibilit6 des rythmes circadiens pour les pesdcides
organophosphores. Cependant, il serait difficile, voire impossible, d'utiMser les rythmes
d'activite pour detecter et evaluer la duree des effets des OPs sur Ie terrain. Nous avons
alors considere I'utUisation des rythmes circadiens de temperature. Avant d'etudier
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P impact du dim6thoate sur ces rythmes, nous devious ameliorer les conditions de prises
de donnees. L'emetteur thermosensible exteme fuce sur 1'oiseau enregistre sa temperature
dermique (Ts), et non sa temperature corporelle mteme (Tb). Ainsi, il est suscq)tible de
repondre aux changements de temperature ambiante, et a un changement d'activite de
Foiseau, tel que 1'envol. Au chapitre 4, nous avons d6termine les conditions
experimentales qui permettent d'utiliser un emetteur exteme pour suivre les variadons
cycUques de la temperature corporelle des oiseaux. Nous avons explore la position sur
Foiseau qui offire les mesures les moins influencees par 1'environnement et 1'activite des
individus, et nous avons defini une relation mathemadque qui permet d'extrapoler Tb a
partir de Ts, et qui dent compte de la temperature ambiante et du poids corporel des
oiseaux. Nous proposons done une methode plus rigoureuse du suivi de la temptature
des oiseaux sur Ie terrain.
Cette nouvdle technique du suivi de la temperature des oiseaux nous a permis de
confu-mer que Ie rythme circadien de temperature est aussi affect6 par les OPs. Jusqu'a ce
jour, nos connaissances sur 1'impact des OPs sur la temperature corporelle des especes
non-viste se limitaient ^ une penode d'hypothermie de quelques heures, se produisant
entre 2 et 8 heures apres I'exposidon (Rattner et Franson 1984, Bnmet et cd. 1994,
McDuff 1995). Au chapitre 5, nous avons d^montre que plusieurs param^tres du cycle de
temperature sont affect^s par Ie dimethoate durant les premieres 24 heures. Nous avons
aussi isole deux parametres qui pourraient permettre non seulement de detecter, mais aussi
d'evaluer la gravite de 1'intoxication au pesticide.
Au chapitre 5, il nous a €t€ difficile d'etablir une relation entrc Ie pourcentage d'inhibition
de 1'AChE cer^brale et les risques de mortalite des oiseaux par suite d'une exposition au
dimethoate. Etant donne que 1'AChE 6tait mesuree a la fin de 1'expenence, il est possible
que ce protocole ne nous ait pas permis de d^tecter des variadons se produisant durant les
24 premieres heures. D'autrc part, plusieurs etudes rapportent une augmentation de la
toxicite des OPs ^ des temperatures ambiantes plus chaudes (30-35 °C) ou plus froides (5-
10 °C) (Ahdaya et cd. 1976, Fleming et al. 1985, Rattaer et al. 1982, Rattner et Franson
1984). Cependant, au chapitre 5, nous n'avons not6 aucun effet de la temperature
ambiante (-5 a 30 °C) sur les parametres circadiens etudi6s.
164
Au chapitre 6 nous avons suivi 1'evolution de Factivite de 1'AChE et de la temperature
ccu-poreUe du vacher {Molothrus ater) pendant 24 heures apres une exposition au
dimethoate, et ce a deux temperatures ambiantes differentes, 5 et 25 °C. Ce protocole
original nous a permis de demontrer qu'une temperatme froide n'accroit pas 1'inhibition
de 1'AChE suite a une exposition au dimethoate, mais plut6t qu'elle ralendt Ie taux de
recup6"ation du niveau d'activite de 1'AChE cerebrale. Sur Ie terrain, ces resultats
sugg^rent qu'un oiseau expose ^ un pesticide OP pendant une periode de temperature
ft-oide sera affecte plus longtemps par Ie produit de sorte que ses chances de survie sont
d'autant plus diminuees.
Toutefois, un suivi de la temperature corporeUe sur 24 heures ne permet pas de d^tenniner
la duree complete des effets des OPs. Le demier chapitre va plus loin en ce sens. II repose
sur Ie suivi simultane de la temperature corporelle et du taux d'acdvite des pigeons
pendant 20 jours apr^s une exposition au dim6thoate. Cette expenence nous a permis de
constater que les rythmes d'acdvit6 et de temptaturc sont rapidement modifies 1c jour
meme de Fexposidon, et que ces effets persistent pendant plusieurs jours avant de montrer
des signes de r6cuperation. Le suivi des deux types de ryfhme nous permet d'obtenir une
vision plus globale de 1'etat des oiseaux. Le jour, la temperature corporelle des oiseaux
n'est pas tres affectee, par contre, Us sont 60% moins actifs qu'^ la normale. Etant donne
que 1'alimentation est l'activit6 diume pF6dominante pour les oiseaux, une diminution du
taux d'activite pourrait avoir des consequences graves sur leur budget energedque. La
nuit, les oiseaux maindennent une temperature plus chaude, ce qui requiert aussi une
depense energetique supplementaire. Vient s'ajouter une desynchronisation du cycle de
temperature par rapport au cycle de lumi^rc (Tune p^riode de 24 heurcs qui peut egalement
entrainer un deficit 6nergetique. Tous ces facteurs contribuent probablement ^ la perte de
poids de 15% mesuree a la fin de 1'experience qui pourrait ^tre biologiquement
significative dans des condidons climatiques sev^res.
Le fait que les durees des effets sur les deux types de rythme soient semblables illustre
bien que les rythmes cu-cadiens rcnseignent 1'experimentateur sur l'6tat general de
1'oiseau. D'autre part, nous avons aussi demontre que les rythmes endogenes sont
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capitaux pour la survie des individus, etant donne que les oiseaux qui n'ont pas survecu a
cette experience etaient ceux qui ne montraient aucun signe de recuperadon des rythmes.
Ces travaux refletent bien 1'importance des rythmes circadiens dans 1'homeostasie des
fonctions biologiques d'un individu.
D'un point de vue critique, 1'ensemble de ces travaux ne represente qu'une premiere etape
vers l'61aboration de nouvelles normes d'utilisadon des OPs. Plusieurs questions
demeurent en suspens. Premierement, la perte de poids encourue par les oiseaux est-elle
biologiquement importante ? Si oui, cela signifierait que plus 1'oiseau est maigre, plus U
risque de ne pas survivre a une exposition aux OPs. D'autre part, 1'ensemble des
experiences demontre que plus de 80% des mortalites surviennent dans les 3 demi^res
heures de la nuit Etant donne que 1'animal doit encourir une depense energetique
suppl^mentaire associ^e au mainden d'une temperature corporelle plus chaude pendant la
nuit, U est possible que ces oiseaux n'aient pas survecu parce qu'Us avaient epuise leurs
reserves d'energie disponibles. Par consequent, il faudrait envisager de tester 1'impact des
OPs sur les reserves energetiques des oiseaux.
La diarrh^e. Ie vomissement et 1'anorcxie entrainent tous un desequilibre des electrolytes
sanguins. Etant donne que ces effets font partie des sympt6mes d'une exposition aux
OPs, 11 est envisageable que 1'impact des OPs sur les rythmes proviennent aussi d'un
desequilibre des electrolytes sanguins.
Durant la nuit, les fluctuadons dans la temperature corporeHe et Ie taux d'activite des
oiseaux persistent meme 20 jours apr^s 1'exposition au dimethoate, alors que tous les
autres param^tres rythmiques affectes par Ie produit sont retoum6s ^ des valeurs normales.
II serait intercssant de repeter (tes experiences ^ plus long terme ai5n de mieux comprendre
ce phenom^ne et d'en evaluer les impacts et la significadon biologique.
La signification biologique des resultats obtenus dans cette these est difficile, pour
Finstant, a evaluer en totalite, cependant il est raisonnable de croire que tout changement
dans la distribution de Pactivit6 ou toute modification dans Ie patron de temperature
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corporelle (tels que nous les avons observes) peuvent engendrer des couts energedques
supplementaires pouvant mettre en penl la survie ou la reproduction des animaux. Ces
couts peuvent etre plus ou mains importants selon Fespece et selon Ie moment de la
joumee ou de 1'annee ou 1'exposition aux antichoUnergiques a lieu. De fa^on generale,
plus 1'esp^ce est de pedte taiUe, moins elle dispose de reserves en 6nergie et plus eUe est
susceptible de souffinr de fa^on significadve d'une depense energ^dque accrue. De plus,
comparativement aux especes de plus grande taiUe, Ie ratio surface/volume plus eleve chez
les petites esptes entraine un refroidissement plus rapide et ainsi une plus grande
demande en energie necessaire pour lutter contre Ie froid et maintenir sa temperature
corporelle ^ un niveau accq)table. Au coin's de la nuit, les oiseaux ont recours ^
Fhypothermie afin d'^conomiser leurs reserves energetiques g^neralement limitees. Ainsi,
toute perturbation de la thermoregulation noctume va engendrer une augmentadon des
couts et augmenter les risques de d6c^s par 6puisement des reserves. Par ailleurs, une
modification dans Ie cycle d'activite peut empecher 1'animal d'accumuler suffisamment de
reserves pour passer la nuit et ainsi compromettre ses chances de survie.
D'autre part, Fexposition d'un oiseau a un pesticide qui engendrc des modificadons dans
sa thennoregulation au cours de la periode de couvaison des oeufs peut contribuer ^
augmenter Ie cout de reproduction et ainsi affecter son succes reproducteur. Egalement,
une perturbation du niveau d'activit6 durant la phase de noumssage des jeunes peut
entrainer un ralentissement de la croissance des jeunes ou les mener directement a la mort
Le temps requis pour attemdrc la temperature minimale noctume se rapporte ^ la capacity
de 1'animal a pr^voir les d6penses energ6tiques a venir et a gerer 1'utilisation de ses
reserves en fonction des phases cridques andtipees. L'observadon d'une instabiUte au
niveau de ce parametrc, suite a une exposition aux OPs, suggere une augmentadon des cas
de mauvaise gestion 6nerg6dque pouvant devenir fatale dans certains cas. La significadon
biologique de 1'observation d'une instabUite au niveau de certains param^tres
chronobiologiques Studies id, fait done reference ^ Pequilibre 6nergedque et ^ la survie.
Dans la mesure ou 1'on tente de confmner une exposition d'un animal a un OP, 1'etude des
modifications chronobiologiques s'av^re fort utile et efficace en conditions controlees. Des
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etudes energetiques detaillees seraient necessaires atm d'evaluer 1'impact et la signification
energetique reeUe des modificadons chronobiologiques provoqu^es par un pesticide teUes
qu'observees dans cette these. De plus, des etudes doivent se poursuivre en milieu naturel
dans Ie domaine chronobiologique afin de determiner la fiabilite des param^tres circadiens
a dtrc d'indicateurs d'exposition aux OPs. La grande sensibilite de ces parametres aux
OPs a ete clairement demontree au niveau des chapitres 3 et 5. Par centre, des etude en
milieu naturel et en laboratoire doivent se poursuivent afin de verifier si ces perturbations
circadiennes sont exclusives a 1'intoxication aux OPs et dans la negative, afin d'isoler les
autres facteurs provoquant une r6ponse identique. Ainsi, les etudes realisees et presentees
dans cette these, representent les tous premiers pas vers une nouvelle avenue de recherche
dont Ie sujet etudie represente un potentiel immense et prometteur pour 1'evaluadon des
effets des OPs sur les especes non-visees. Les bases pour 1'utilisadon de la
chronobiologie dans ce domaine ont ete etablies ici, cependant elles doivent encore reussir
avec succ^s plusieurs autres etapes d'evaluation et de raffmement
Ces travaux out toutefois permis de demontrcr que les perturbations des parametres
rythmiques d'activite et de temperature sont propordonnels au niveau d'inhibidon de
1'activite de 1'AChE cerebrale. Par consequent, si une inhibition de 20% de 1'activite de
FAChE est jug6e suffisante pour detecter une exposition aux OPs (Ludke et cd. 1975), les
rythmes circadiens seraient suffisamment sensibles pour suivre 1'evolution des effets du
pesddde dans Ie temps, apres 1'exposition. Des etudes d'impact des OPs sur Ie terrain,
impliquant Ie suivi de la temperature corporelle des oiseaux, devraient nous permettre
d'obtenir des infonnations indispensables sur 1'impact des facteurs environnementaux sur
la toxicite des OPs, et ainsi foumir des elements necessaires ^ une meilleure gesdon de ces
produits. Les rythmes me semblent avoir un avenir prometteur pour foumir des
informations essentielles dans la prise de decision concemant les normes d'utilisation
d'agents andcholinergiques dans 1'environnement. L'6tude des rythmes et de leurs
perturbations nous fournit un outil complementaire a 1'inhibidon de 1'AChE cer6brale et
s'av^re tr^s interessant pour les suivis a long terme, surtout si 1'on consid^re les effets sur
les especes non visees dans Ie cadre du developpement durable en environnement.
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Les pesticides organophosphores (OPs) produisent leurs effets toxiques, tant letaux que
non letaux, en inhibant 1'activite hydrolytique des cholinesterases (ChEs), et plus
particuli^rement celle de 1'acetylcholinesterase (AChE), ce qui entraine une accumuladon
d'acetylcholine (ACh) aux joncdons nerveuses (O'Brien 1967, Corbett 1974). Les ChEs
sent des est^rases qui, sous des conditions optimales, catalysent 1'hydrolyse des
cholinesters ^ une vitesse plus grande que les autres esters. De plus, par definition, les
ChEs sont inhib^es par de faibles concentradons de physostigmine et d'OPs (Silver 1974,
Massouli^ et al. 1993). Les ChE's font done partie du grand groupe des esterases qui
interagissent avec les OPs. Ce groupe des esterases est lui-m^me divise en deux classes:
les A-esterases qui hydrolysent les OPs et les B-esterases qui sont inhibees pas les OPs
(Aldridge 1953, Walker et Thompson 1991).
Ces deux types d'esterases interagissent avec les OPs en suivant Ie meme mecanisme
(Aldridge 1953), cependant elles different par Ie taux auquel 1'enzyme phosphoryle (par
POP) neagit avec 1'eau pour rel^cher, d'une part, Penzyme intact et, d'autiTe part, 1'acide
phosphorique (Gallo et Lawryk 1991). Les B-esterases, qui incluent les ChE's (dont fait
partie 1'AChE), reagissent avec les OPs mais deviennent fermement, et dans certains cas
ureversiblement, phosphorylees et done inhibees par ce processus. A 1'oppose, les A-
est6rases hydrolysent rapidement les molecules d'OPs (Gallo et Lawryk 1991). L'absence
ou Ie faible niveau en A-esterases dans Ie plasma sanguin des oiseaux (Brealey et al. 1980,
Mackness etal. 1988) semble etrc Ie facteur majeur qui explique leur grande saisibilite aux
OPs (Machin et al. 1975, Brcaley et cd. 1980, Westlake et al. 1983, Walker et Mackness
1987).
Pour FAChE des vertebres, 1'ACh est Ie substrat naturel ou prcferentiel, c'est-a-dire celui
pour lequel 1'enzyme montre une acdvite hydrolytique maximale (Silver 1974). L'ACh est
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Ie mediateur chimique qui accomplit la transmission physiologique des impulsions
nerveuses entre: (a) les neurones pre ganglionnaires et post gangMonnaires des syst^mes
nerveux sympathique et parasympathique, (b) les neurones post ganglionnaires et les
organes effecteurs (syst^me parasympathique) ou les neurones post ganglionnaires et les
glandes sudoripares (systeme sympathique), (c) les nerfs moteurs et les muscles
squelettiques, (d) les neurones de plusieurs noyaux du syst^me nerveux central (Gallo et
Lawrykl991,Bardm^(Z/. 1994).
En rcponse a la conduction d'un potentiel cT action Ie long de la fibre presynaptique, 1'ACh
est relachee des terminaisons des fibres cholinergiques. Son contact avec Ie recepteur
postsynaptique engendre un nouveau potentiel d'acdon sur ce neurone et c'est ainsi que
s'accomplit la transmission de Pinflux nerveux. Sous des circonstances normales, 1'ACh
est hydrolysee par FAChE presque instantanement et il n'y a alors pas d'accumulation. Le
foncdonnement normal de 1'ACh et de la transmission nerveuse depend de la destruction
rapide de FACh par 1'AChE (Gallo et Lawryk 1991).
L'AChE existe sous plusieurs formes moleculaires (Brimijoin 1983, Massoulie et al. 1993)
et on Ie rctrouve en grandes concentrations sur toute la longueur des neurones
cholinergiques (Macintosh et Collier 1976). Par son r61e dans Phydrolyse de 1'ACh,
FAChE est responsable de la terminaison de la connexion electrochimique entre deux
cellules nerveuses (Smith 1987). Nonnalement, 1'AChE hydrolyse 1'ACh en deux
fragments inactifs: la choline et 1'acide acetique (Bardin et al. 1994). L'activite de 1'AChE
est affect^e par la temperature et Ie pH. La temperature opdmale cTacdon de 1'AChE chez les
mammiftres varie entre 37 et 40 °C (Augusdnsson 1948). Le pH optimum se situe autour
de 8,0 ^ 8,5 lorsque 1'ACh est utilise comme substrat (Cohen et Oosteibaan 1963)
L'AChE r6agit extremement rapidement; son taux d'acdvit6 est parmi les plus eleves de tous
les enzymes (Silver 1974). Nachmansohn (1972) a calculi que les enzymes associes a 1 g
de membrane excitable de 1'organe 61ectrique de 1'anguille pouvait hydrolyser plus de 30 kg
d'ACh par heure. Bamards et Rogers (1967) ont estime que 95 % des molecules d'ACh
rel^ch^es ^ une terminaison nerveuse est hydrolys^es en 1 msec. Les molecules d'AChE
d'un seul synapse sont capables d'hydrolyser environ 2,7 X 10^ molecules d'ACh en 1
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msec, ce qui depasse largement les 3 a 6 X 10^ molecules relachees pour chaque influx
nerveux (Namba et Grob 1968).
Le centre actif de PAChE contient deux sous-sites, Ie premier, charge negativement, est
appele Ie site anionique et Ie deuxieme, Ie site esterasique, qui contient une partie acide
(electrophile) et une parde basique (nucleophile) (Silver 1974, Main 1979, Massoulie et al.
1993). Le site esterasique doit etre protone pour etre acdf (Hobbiger 1976). La figure 1
presente 1'hydrolyse de 1'ACh et du dimethoate par 1'AChE. EUe se fait comme suit: (A)
PACh est liee par les forces de Van der Waals et Coulombique au site anionique charge
negativement et orient6 de fa^on a ce que Ie groupe carbonyle soit present^ au site
esterasique et, alors, Ie complexe enzyme-substrat est forme; (B) il y a ^change d'61ectrons
au site esterasique et la choline est lib^rce laissant demere elle un enzyme acetyle; (Q en
reagissant avec 1'eau, 1'enzyme ac^tyle est hydrolyse tres rapidement Uberant de 1'acide
ac6tique ce qui resulte en la restauration du site actif (Silver 1974).
Les OPs sont 6galement des esters et Us reagissent avec 1'AChE de fa^on sinulaire ^ la
reaction entre FAChE et son substrat naturel, FACh. La plupart des OPs, comme Ie
dim^thoate, n'ont pas de charge positive sur Ie groupement acide, alors Us r&igissent
seulement avec Ie site esterasique (Gallo et Lawryk 1991). Que ce site soit implique ou non,
la division du groupe est6nfie de 1'OP (E) est enderement analogue a la division de la
choline lors de 1'hydrolyse de 1'ACh. Toutefois, Ie lien entrc 1'atome de phosphore et Ie site
est6rasique de 1'enzyme est plus stable que Ie lien entre 1'atome de carbone (de la parde
ac^tate de 1'ACh) et Ie site est&asique de Penzyme. Ainsi, Ie bris du lien carbone-enzyme
de 1'ACh est complet en quelques microsecondes alors que Ie bris du lien entrc Fenzyme et
lephosphore (F) requiert entre 1 heure et plusieurs semaines (1 a >1000 heures), selon Ie
compose impliqu6 (Gallo et Lawryk 1991). Le nombre de molecules hydrolys^es par
minute par moltole d'AChE est de 300000 pour 1'ACh et de 0,008 pour les OPs (Santone
et Powis 1991). L'enzyme phosphoryl^ est inhibe car son site acdf est occup6 pour une
longue periode de temps et ainsi, il est incapable d'effectuer ses foncdons normales (Gallo
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Figure 1. Schema de Fhydrolyse de Pacetylcholine par 1'acetylcholinesterase (A, B, C) et
de 1'hydrolyse d'un produit organophosphore (Ie dimethoate) par Facetylcholinesterase en
trois etapes (D, E, F). ACh= acetylcholine, OP= organophosphorc, AChE=
acetylcholinesterase (enzyme ), A= acetyle, Ch= cholme, aA= acide acetique, X=
SC3H60N (groupement partant), RI= CHsO, R2= CHsO, P = Phosphore, S= souffre.
L'hydrolyse de Penzyme phosphoryle, aussi appelee reacdvation spontanee (E), devient
progressivement moins efficace en fonction du temps. Une portion des enzymes
phosphoryles est reactivee, mais une portion toujours grandissante devient compl^tement
resistante a la reactivation et on dit qu'elle subit Ie processus de vieUlissement («aging»)
(Aldridge et Reiner 1972). Le taux de vieillissement depend de 1'agent phosphorylateur et
aussi de la temperature et du pH. Plus la temperature est basse alors plus la reaction est
lente. Plus Ie pH est bas alors plus la reaction est rapide (Silver 1974). Une fois que
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1'enzyme a subit Ie vieillissement, il est irreversiblement inhibe et Ie seul moyen pour
Fanimal de retrouver une activite normale d'AChE est la synthese de nouveaux enzymes
(GalloetLawrykl991).
Le taux de reactivation spontanee de 1'enzyme inhibe par un OP depend du pH et de la
temperature, mais egalement des forces ioniques et du type d'inhibiteur (Main 1979). Le
taux de reactivation est beaucoup plus important a des temperatures elevees. Cette
reactivation existe dans tous les cas d'inhibidon par un OP mais, au cours d'une
experience qui dure quelques heures, Ie taux est extr^mement faible et les effets
physiologiques d'un retablissement sont negligeables (Reiner 1971). Pour cette raison, la
reaction d'inhibition est souvent dite irreversible en pradque, car Ie taux de reacdvation
spontan6e est trap lent pour produire un effet significadf en quelques heures (Silver
1974).
La d^phosphorylation ou reactivadon spontanee des ChE's inhibees ainsi que la synfh^se
de nouveaux enzymes sont les principaux facteurs qui am^nent Ie retablissement de
Factrvite cholinergique (O'Brien 1976). Pour la plupart des pestiddes, 1'effet net de ces
facteurs est un retablissement initial rapide, jusqu'a 50-60 % du niveau normal, suivi d'un
retour plus lent a la normale (Robinson et Beiergrohslein 1980, Fleming 1981). La phase
rapide du retablissement initial repr6sente 1'effet de la rcactivation spontanee alors que la
phase lente du retablissement est lineatrc et depend de la synthese de nouveaux enzymes
(Gallo et Uwryk 1991).
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ANNEXE 2
METHODE D'ANALYSE DE L'ACTIVITE ENZYMATIQUE DE
I/ACfiTYLCHOLINESTERASE CERfeBRALE
La methode utilisee pour d6terminer Ie taux d'activite enzymatique de 1'AChE est celle de
EUman et at (1961) telle que modifi^e par Hill et Fleming (1982). Le pourcentage
(Tinhibition des individus trait6s est determine a partir de la valeur moyenne de l'activit6 de
FAChE des temoins (en jnmoles/mm/g de poids frais de cerveau) qui represente un niveau
d'activit6 d'AChE de 100 %.
1. Principe de la m6thode
L'acetylcholinesterase hydrolyse 1'acetylthiocholine iodee (ASChi) en thiocholine
et acetate. La thiocholine reagit avec 1'acide dithiodinitrobenzoique (DTNB) et Ie
produit de la reaction prend une coloration jaune pouvant etre mesuree au
spectrophotometre a 405 nm. Le taux auquel la couleur est produite represente
ractivit6del'AChE.
2. Preparation des r^actifs
Les rcactifs sont prepares et maintenus a la temperature de la pite (25 °C) la
joumee de Fanalyse enzymatique.
Reactifs 1: Tampons Tris: m^lange de HCL Trizma et de base Trizma dans de 1'eau
d6sionisee.
- Reactif la: Tampon Tris 0,05 M a pH de 7,4 (25 °C). On ajoute 6,61 g de
HCL Trizma et 0,97 g de base Trizma par litre d'eau desionisee
- Reacdf Ib: Tampon Tris 0,05 M a pH de 8,0 (25 °C). On ajoute 4,44g de
HCL Trizma et 2,65g de base Trizma par litre d'eau desionis6e
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Reacdf2: Tampon chromogene DTNB. On ajoute 99 mg de DTNB 2,5 X 10-4 M
par litre de reactif la.
Reactif 3. Substrat ASChi. On ajoute 451 mg (Tacethylthiocholine iodee 0,156M
par 10 ml d'eau desionis^e.
3* Preparation des echantillons
Chaque cerveau est homogeneise dans Ie reactif Ib selon un rapport de 100 mg de
cerveau par ml de reacdf.
4. Dosage de Factivite enzymatique
Les analyses sont effectu^es ^ la temperature de la piece (25 °C) a 1'aide d'un
spectrophotom^tre.
a) Dans une cellule ^ spectrophotometrie on ajoute:
-3,0mlder6acdf2
- aUquot de 20 nl de 1'homogenat de cerveau
-100nldercactif3
b) On couvre la ceUule de parafilm et la retoume doucement pour effectuer Ie
m61ange. On laisse 6couler 30 ^ 60 secondes pour que Ie melange se stabilise et
pour faire disparaitre les bulles
c) A une longueur d'ondes de 405 nm on lit Fabsorbance a toutes les 30 secondes
pendant 3 minutes.
d) On calcule Ie changement d'absorbance par la difference de 1'absoibance entre
deux lectures. On calcule ensuite Ie changement d'absorbance moyen par minute
(AA/min moyen).
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e) Le taux d'acdvite enzymatique pour Ie cerveau se calcule comme suit:
AA/min moyen X 130 = 1'activite de 1'AChE cerebrale en
Umoles/minute/g de poids frais
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